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At 295K, the eae absorption peak (EL ae and the 


a 
width of the band at half height (W,) were, respectively, 
4) 


1.80 and 1.4 eV in ethanol. At temperatures between 170 


3 uf 


and 350K, AE wax/ St Z3i2) x, 10) SV deg... in. ethanols 


Increasing T increased W,, slightly. The product of the 
oe free ion yield per 100 eV of energy absorbed (Gp;) 
and the molar absorptivity at the band maximum ko hie 
was independent of T in neutral ethanol, but increased 
slightly with T in~mM basic solution. The spectrum 
shape and position was not affected by the addition of 


base, but the maximum absorbance (A, me was increased 


a 
due to scavenging of Be in the spurs. 

Increasing the pressure between 1 bar and 2 kb 
caused ae! to increase by 0.10 eV per kb in methanol 
and 0.075 eV per kb in ethanol. The Wy, increased by 
about 0.1 eV per kb in both alcohols. Meat decreased 


by 25% per kb in methanol, due mostly to a decrease in 


max” | 
In many solvents EN , which is related to 
2 
m 


os 6-1 2 
the oscillator strength (f), is: 139 x10 M Cm) is 
Using this value,and measured values of GeicGy and Wag 
values of 1.5 and 1.4 were predicted for G,; in methanol 
and ethanol, respectively. The value of f decreases with 
decreasing T and increasing P in both alcohols. The 


Arrhenius activation energy (E,) for the decomposition 
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of eye was 4.8 + 0.2 kcal hol. Values of ES for a num- 
ber of reactions of efficient electron scavengers with 
omy) were<5.0-4°0.3" kcal. molt, which suggests a common 
rate determining step, such as diffusion of ony - Benzene 
and phenol are poor 2.4 scavengers, and E, Ss for the 
reaction are 6.4 and 4.5, and 6.0 and 4.4 kcal mol real 
methanol and ethanol, respectively. The higher E,'S were 
attributed to the increased binding energy of ene, in the 
solvent with decreasing T. 

The ratio of rate constants for ony scavenging (k,) 


5 EtOH’ §5, MeOH 


diffusion controlled reactions, which is nearly equal to 


in ethanol and methanol (k ) was 0.6 for 


the ratio of diffusion coefficients of es in the two 
solvents. For slower reactions, the ratio increased, 


reaching 7.5 for phenol. This was attributed to the 


higher binding energy of eu in methanol (E__. = 1.97 ev) 


than in ethanol (E = 1.80 ev). 
: max 
The volume of activation (AvT) for the decomposi- 


3 


tion reaction of ase was -23.4 cm woos in ethanol and 


2) Geckent 


mola+ in methanol. Values of avt for eu 
scavenging reactions were determined for a number of 
scavengers. For reaction rates near the diffusion con- 
trolled value, avt > 0. For slower reactions avt <n0¢ 


Values of k. at 295K and 1 bar were determined 


5 
for seven gaseous solutes in the solvents water, methanol 
and ethanol. A comparison with values calculated from 


steady state radiolysis results was made. 
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T is the Kelvin temperature 
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and Pa respectively 
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Half-width, the width of an optical absorption 


spectrum at half its height, in units of eV. 
Dielectric constant (static). 


Wavelength in nm. 
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Ais GENERAL 
i es RADIATION CHEMISTRY 


Radiation chemistry is the study of the chemical 
effects resulting from the absorption of high energy 


radiation by material.*'? 


Absorption of ionizing energy 
by a liquid results in the production of a variety of 
reactive intermediates. These may be a combination of 
excited species, positive and negative ions, and free 
radicals. 


* + = 
AB —wWw—> AB , AB’, e, A, B (I-1) 


The products of (I-1l) are usually reactive, and 
they may react with each other, with the solvent, or 
with solutes. Analysis to determine the identities and 
yields of intermediate and final products provides much 
of the data available to radiation chemists. The deter- 
mination of reaction rate constants furnishes additional 
information. 

When it is possible to exert some control over the 
reactions of intermediates, much more instructive data 
may be obtained. Addition of a solute which preferen- 
tially reacts with a particular intermediate is one way 
of gaining ‘this®control-y ouch a solutesis called a 


scavenger (S). 
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The effect of ascavenger on the yield of a final 
product infers the identity of the product's precursor. 
Furthermore, if the scavenging reaction gives a measurable 
product, the yield of the scavenged intermediate may be 


determined. Illustrative examples of electron scavengers 


4 5 
are N,0 and SFE. 
N,0 + aren coy NO (I-2) 
cee SWie esha: (I-3) 


The ions formed by (I-2) and (I-3) react further 


to yield one molecule of N os or six F ions uy respect- 


2 
ively, for each electron scavenged. The scavengeable 
yield of electrons can be found by increasing the scaven- 
ger concentration until there is no further change in the 
ameuntsofofinal.product.»,) At,.that, point, the: yield of 
electrons is equal to the yield of No RE N50 was the 
scavenger, or one sixth the yield of F if SF, was the 
scavenger. 

Scavenging studies have led to the identification 
of the electron as a precursor of molecular hydrogen. 
Removal of electrons from solution by reaction with a 


solute. inhibits (1-4)... This is. reflected by a reduced 


H, vyiteld due, towGi- 5). 


oe + RCH.OH ——_> RCH,0, + H (I-4) 
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H + RCH..OH ——} RCHOH + H (I-5) 


The subscripts s in (I-4) denote that the electron 
and ion are solvated. The maximum possible suppression 
of the yield by addition of an electron scavenger indi- 
cates how much Ho results from electron reactions. The 
remainder must be attributed to other sources. Data of 
this type are utilized when postulating mechanisms. 

There are two common methods of irradiating mater- 
ials. These are the Se eay state and the pulse Boe 


methods. The two provide complimentary data. 


a. Steady State Radiolysis 

The most common source of radiation for steady 
state radiolysis is Beas The decay of this man made 
radioisotope results in the emission of y photons of 
1.25 MeV average energy. 

In these studies, data are obtained by identifica- 
tion of the final products and measurement of their 
yields. Since analysis is gone after completion of the 
reactions involving the products of (I-1), it is im- 
possible to establish absolutely the rate of reaction 
for any of them. However, rate constant ratios may be 
obtained when known concentrations of two different 
scavengers are competing for a particular intermediate. 


Using (I-2) and (I-3) as the example, the rate constant 
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ratio ky _5/kyW3 can be determined from (I-6) if the final 


product yields are measured. 
[SF¢] (N, yield) 


4 Sa See (I=6) 
[N,0] 1/6(F yield) 
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In summary, analysis of results obtained by steady 
state methods can give the identities and yields of final 
products, as well as relative kinetic data. The identi- 
ties of the reactive intermediates and the overall re-. 
action mechanism can only be inferred from these data. 
Incorrect conclusions might sometimes be drawn when dif- 
ferent intermediates can give rise to the same final 
products. The most apparent error of this type in the 
pre ~1960 literature was the assignment of H atoms as 
the primary reducing species in irradiated liquids. It 


is now recognized that the solvated electron (ety) is a 


more abundant primary reducing species. 


Br Pulse Radiolysis 

The pulse radiolysis technique is a relatively new 
addition to radiation chemistry. The radiation source 
is an electrical machine, most often a linear accelerator 
(lineac):-orvvanidesGraafftaccelerator.' -It#became 
electronically feasible in the late 1950's for these 
machines to deliver radiation in an intense single pulse. 


The first accounts of work done using the pulse radiolysis 
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method appeared in 1960.7 11 


Typical pulse duration is from 0.01 to 1 us, although 
both longer and shorter pulses are used. The system with 
the shortest time resolution (~20 ps) in use was developed 


by Hunt and co-workers 12-16 


, and utilizes the 35 ps fine 
structure pulses from a 40 MeV lineac. Beam energies used 
vary by several orders of magnitude, but the most common 
is a few MeV. Peak pulse currents vary from milliamps to 
amps, depending upon the type of machine and the pulse. 
length. 

Two criteria should be considered when choosing a 
machine for a pulse radiation source. First, the pulse 
should be short compared with the time scale of the re- 
actions being investigated. Second, there must be enough 
energy per pulse to create an adequate concentration of 
reactive species for detection. With the variety of 
machines available, it is usually possible to meet these 
criteria. Many of the machines available and their 
characteristics are briefly described in a number of 


3, 17-21 and Stieress- 


Spectrophotometry 17-21,24 ona electrical conduct- 


books 


ivity aanbe are the most used methods for the detection 
of short-lived intermediates. The latter method measures 
the radiation induced transient conductivity in a solu- 
tion, and has advantages where the charged intermediates 


cannot be conveniently detected optically. Information 
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on primary yields and reaction rates of charged species 
may be found. 


It is the combination of kinetic spectrophotometry 


and pulse radiolysis though, that has been most productive. 


The method is versatile, and reactions of both charged and 
radical intermediates may be followed. The only criterion 
is that the species must absorb light strongly in a region 
of the spectrum where fast detection is possible. Fortun- 
ately this criterion is met by the solvated electron, and 
some radicals, in many solvents. Optical detection makes 
identification less ambiguous, and absolute rate constants 
can be readily determined by observing the effect of sol- 
ute concentration on the rate of decay of the optical ab- 
sorption. The primary yield may also be found if the 
molar absorptivity is known. Unfortunately, it seldom is. 
More work is necessary to establish the value of € in 
most systems. 

The events which precede the chemical reaction 
of intermediates are of considerable interest. One of 
these events is the localization of extra electrons in a 
medium. It has recently become possible to detect the 
final stages of the localization process in low tempera- 
ture alcohols.°°-3* this is done by observing the time 
dependent changes in the shape and position of the ab- 
sorption spectrum. Knowledge of the physical processes 


will enable a more complete empirical understanding of 
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irradiated systems. 


Z's ABSORPTION OF HIGH ENERGY RADIATION 
a. Interaction of photons (y or X Rays) With Matter 


At energies normally used for studies in radiation 
chemistry, there are three processes which contrinere 
to the absorption of a photon's energy by matter. These 
are, with the photon energy at which they are most im- 
portant in brackets, the photoelectric effect (<0.1 MeV), 
the Compton effect (~0.01 - 20 MeV) , and pair produc— 
tion (>5 MeV). 

When energy is absorbed via the photoelectric 
effect, a photon is completely absorbed by an atom or 
molecule, and an extranuclear electron is ejected. The 
ejected electron has kinetic energy equal to the photon 
energy, less the binding energy of the electron in the 
atom. 

In the Compton effect, a photon on "collision" 
with bound or free electrons gives up part of its 
enexgy.., The, result.is, production.of, electrons,in the 
system which have various amounts of excess kinetic 
energy. The Compton effect is by far the most impor- 
tant energy loss process for photon energies of about 
1 Mev. Cobalt 60 y rays are near this energy. 

Pair production results when interaction of a 


photon with the field of a nucleus produces an electron- 
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positron pair. This requires a theoretical minimum 
energy of 1.02 Mev. >? In practise, somewhat more energy 
is required, and the excess is found in the kinetic 
energy of the electron-positron pair. 

In each case, after a photon interacts with matter, 
energetic electrons are produced. These primary elect- 
rons in turn produce many secondary electrons. It is 
these energetic electrons which are responsible for most 
of the chemical change which is observed. Therefore, 
the chemical changes will be the same if fast electrons, 
rather than photons, are used initially. This is an 


important consideration, as will be evident in the dis- 


cussion of linear energy transfer (LET) which follows. 


b. Interaction of Fast Electrons With Matter 

Fast electrons primarily produce ionization and 
excitation by coulombic interaction with the orbital 
electrons of atoms or molecules in the medium. Elastic 
collisions with nuclei, radiative collisions, and 
Cerenkov radiation generally contribute much less to 


Eheaenexgys loss, o£; fast eleCemmisan oe ae 


ce Linear Energy Transfer (LET) 


The rate at which fast electrons lose their energy 


: 35 
to a medium is given by the Bethe equation. The 


value of the energy loss per unit distance (-dE/dx) is 
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called the linear energy transfer (LET). For primary 
electrons produced by y photons, and ~1l MeV electrons, 


the initial LET inwater is of the order of 1072 


Se... 
ev/A. 
The LET is an average quantity, and increases as 

the particle slows down. It also increases as the 

square of the charge on the particle. Slower moving 
doubly charged a particles deposit their energy in a 
much shorter distance than do fast electrons. This 

leads to a much different distribution of reactive inter- 
mediates in the liquid, and consequently a different 


17,34,37 Therefore; when com- 


yield of final products. 
paring data from different studies, it is important to 


know the LET of the radiation used. 


a. Spur Formation 
The deposition of energy in a liquid by a fast 

electron is not a uniformly continuous process. Energy 

ye ip 8 


as Lost at random intervals in amounts of 10 ev. 


The resulting volumes of excitation or ionization are 
called spurs. There is a Gide distribution of spur 
sizes and shapes created by primary and secondary 
electrons of different LET. A spur exists as. long as 
there is a significant probability that the intermedi- 
ates in it will react with each others ao 


After their formation in spurs, the reactive 


intermediates may suffer one of several fates. Some 
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May react to form stable products while still in the 
spur. Some may recombine, as is often the case with 
electrons and their parent positive ions. This is called 
geminate recombination, and the ions are called geminate 
ions. Some ions and radicals will evade reaction or 
recombination in the spurs. These diffuse into the 

bulk solution and become free species. 

The proportion of ions which become free ions in- 
creases with the dielectric constant of the medium. The 
number of ions which become free for each 100 eV of 
energy absorbed by the system is called Gey: Water, 


methanol and ethanol have G of about two for solvated 


Px 


electrons. In hydrocarbons of low dielectric constant, 


solvated electrons usually have a G ObnOnly abort 0.1, 


fi 
even though the total ionization is similar in the dif- 
ferent types of liquids. 

Reactions which occur in spurs do not obey homo- 
geneous kinetics. This is because there is not a random 
distribution of reactants. A nonhomogeneous kinetics 


are Application of nonhomogeneous 


model must be used. 
kinetics to pulse irradiated systems has been made by 
Vermeer and Freeman an to the geminate recombination 
reaction in low temperature n-propyl ether. Baxendale 
and Wardman oe have pointed out that an initial portion 


of the solvated electron decay in low temperature alco- 
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hols also follows nonhomogeneous kinetics. 

For those ions which diffuse into the bulk medium, 
homogeneous kinetics are used. Most pulse radiolysis 
studies have examined the reactions of only free ions, 


and therefore involve homogeneous kinetics. 


rs THE TIME SCALE OF EVENTS IN RADIOLYSIS 


The time scale of events occurring in an irradiated 
polar liquid at room temperature may be approximately as 
represented in Table I-l. The first entry is based on 
the time required for an electron of 2 MeV energy to 
traverse an average molecular diameter of 0.5 nm. The 
speed of such an electron is ninety eight percent of the 
speed of light,so it would pass by the molecule in 
eed Lieu s. The formation of the excited state of the 
molecule following passage of the fast electron occurs 
in a time comparable to an electronic oscillation 
(10° - iia s). This, as recognized by the Franck- 
Condon principle, is a short time compared to a molecular 
vibration period (io. = (cies s), during which excited 
molecules will dissociate. Very little is known about 
the autoionization of excited or superexcited states, 
but it is thought to be a major source of the ions 
BY 36 


formed as a result of the radiation of molecules. 


At present, the best estimate for the time re- 
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TABLE I-1 


Time Scale for Events in an Irradiated Polar Liquid at 


Time, 
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Room Temperature 


Event 


Fast electron traverses molecule 
Secondary electron traverses molecule 
Excitation.or .ionization,occurs 

Time between successive ionizations 
along a track 

Autoionization of superexcited states 
Molecular vibration, dissociation of 
excited states 

Electrons slowed to near thermal 
energy 

Time between molecular collisions, 
reactive intermediates makes one 
diffusive jump 

Electron solvation 

Geminate neutralization occurring 
Spur reactions complete 

Lifetime of solvated electrons in 
presence of ~mM reactive solute 
Lifetime of solvated electrons in 


pure methanol and ethanol 
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quired for electron solvation is ngs Si. Phar lver 


estimates were about 10 +1 s, based on the dielectric 
relaxation time at constant field. However, as solva- 
tion proceeds, the electrostatic force rapidly weakens, 
and there is less relaxation than would occur in a 
constant field. The shorter relaxation time at constant 
charge is probably a better approximation,as pointed out 


by Freeman and Fayadh baie Schiller o7 Oy and ethers." 


Hunt and coworkers me have reported experimental data 
indicating that electron solvation is complete in less 
than 10 ps in water, methanol and ethanol at room tem- 
perature. A more recent report by Rentzepis et al 
indicates that electron solvation in water may be com- 
plete as early as 4 ps after localization. ~~ 
Most pulse radiolysis studies using spectrophoto- 
metry have observed only the events occurring on a us 
time scale, which includes only the last two entries 
in Table I-1. Lowering the temperature increases the 
time for most of the events listed. In low temperature 
alcohols, the increase may be more than two orders of 
magnitude in time. The time resolution of optical 
detection systems is also improving. Faster resolu- 
tion and low temperatures have enabled optical detection 
of the occurrence of solvation and of spur reactions. 


There is considerable overlap in the times 


indicated for many of the events. Some may be occurring 
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over several orders of magnitude in time. The times in- 
dicated are those thought to be the most important to a 


particular event. 


4. RADIOLYSIS OF ALCOHOLS 


A general, but oversimplified, ionic mechanism for 
the radiolysis of alcohols " is represented by the 
following reactions. Square brackets indicate that the 


enclosed species are within a spur. 


RCH,OH —ww—> [RCHGH fu te) (I-75 

a [RCH,OH™ eee) (I-8] 

(e; #cnRCHZ0H)}«9——> fe_8] (I-9] 
[RCHOH’ + RCH,OH] ———» [RCHO + RCH,OH,"] (I-10] 
[RCH,OH” + RCH,OH] ———> [RCH,O + RCH,OH,"] © (I-11) 
[RCH,OH,” +e] —— > [RCH,OH + H] gf 12) 
eevee RCH,OH,” +e (I-13) 

elk —_—_> RCH,0.- +H (I-14) 

RCH,OH.” + RCH,O, ——» 2RCH,0H (I-15) 


It is assumed that the positive ions also become solvated. 
In the pulse radiolysis of ethanol, reactions 

(I-7) and (I-10) result in the formation of acetaldehyde, 

which is an efficient scavenger of electrons, having a 

Pes eMione rar acousranteor ato. x, 202 ut OTA? ae 


Acetaldehyde is also formed by free radical reactions 
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(I-16) and (I-17), the total yield being G ~ 3.7 43°46 
H + RCH.OH a + RCHOH (I-16) 
2RCHOH ———-»RCHO + RCH.OH (I-17) 
———}> (RCHOH) 2 (I-18) 


0 


At a dose of 4 x 107 evi~+ (about 10 pulses in 


this work), the acetaldehyde concentration would be 
geo 10% M in ethanol. There would then be competition 


between (I-19) and (I-14) for solvated electrons. 


CH,CHO + ns tae CH CHO, (I-19) 


Therefore, frequent sample changes are necessary when 
irradiating ethanol to avoid as much as possible the 
occurrence of (I-19). 

In the irradiation of methanol, formaldehyde is 
formed (G = rl However, formaldehyde is a poor 


4; tL sea 48,49 
o 


electron scavenger (k =<’ 10 M s in water) 


I-19 
so samples may be subjected to many pulses with no 
observable effect on the solvated electron half-life. 

The other major products of the radiolysis of 
methanol and ethanol are H, and the appropriate diol 
(I-18). Neither of these are electron scavengers. 

The ae: from (I-13) is what is normally detected 
optically, although those from (I-9) have also been 


observed at low temperature in the alcohols.-° ~~ 
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C. THE SOLVATED ELECTRON 
Lie HYPOTHESES CONCERNING THE FATE OF NEARLY THERMAL 
ELECTRONS 


Prior to the advent of the pulse radiolysis method, 
there were two hypotheses as to the fate of secondary 
(tertiary, etc.) electrons in an irradiated liquid. The 
Samuel-Magee hypothesis ee predicted that an electron 
would lose energy through inelastic collisions with the 
medium, but fail to escape from the coulombic attraction 
of the parent positive ion. Geminate recombination 
would follow, resulting in an excited molecule, which 
could then split into radicals. Any chemical change 
in the irradiated system was attributed to the reactions 
of the radicals. The hypothesis satisfactorily accounted 
for many of the known facts when applied to the radioly- 
Sis of water. The hydrogen atom was considered to be 
the primary reducing species. 

It was suggested by Stein a0 and theoretically 


predicted by Lea Ph Gray 2 and Platzman Tae 


that 
electrons experience quite the opposite fate. The 
hypothesis assumed that by the time an electron 
approached thermal energy, it was at least 50 A from 
the parent positive ion, and was no longer subject to 


strong coulombic attractive forces. It therefore polar- 


ized the surrounding medium and became a solvated free 
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ion. Platzman predicted that these electrons would 
absorb light in the visible region when solvated in 
water. 

The observation in 1962 of a strong absorption 
of visible light in pulse irradiated water was the first 


>> The 


major success of the pulse radiolysis method. 
absorption was ascribed to the solvated electron. There 
are at least nine pieces of evidence indicating that 
this was the correct assignment. ~© Examples of the 
evidence are: (i) the kinetic salt effect had shown 

that a reducing species in irradiated water had unit 
negative charge le (ii) the value for G(e_) agrees 
well with the best estimates made from steady state 
radiolysis saa (iii) addition of known electron scaveng- 
ers suppressed the absorption signal, and (iv) the 
spectrum was similar in shape (but not position) to that 
obtained in metal-ammonia solutions.>? The discovery 

of the solvated electron confirmed Platzman's predic- 
tion, but not the hypothesis. The actual situation in 
an irradiated liquid must be explained by a combination 
of the two hypotheses. The Samuel-Magee treatment is 
more correct in non-polar liquids where free ions com- 
prise five percent or less of the total ionization. 
However, the more polar the liquid, the higher the free 


ion yield becomes, exceeding fifty percent of the total 


ionization in water. 
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2n THE OPTICAL AND KINETIC PROPERTIES OF SOLVATED 


ELECTRONS 


Since its discovery and identification, the sol- 


vated electron has been subjected to intensive scrutiny. 


55, 60-63 


Its optical properties gee in water , methanol 


30-32,64-69 30-32,64-71 and a number of other 


LOI asta 


, ethanol 


Al, 72-15 


solvents and solvent mixtures have 


been studied. In all solvents in which the solvated 


electron has been observed, its optical absorption 


spectrum is a broad (W, = 0.88 eV in water ee PaseeV. 
2 


64,65 64,65 


and 1.4 eV in ethanol at room 


63,71 


in methanol 
temperature) structureless band. The band is 
bell shaped on a wavelength scale, but is skewed to- 
wards high energies when plotted on an energy scale. 


ee The molar absorptivity is quite large 


(6 = 9.4 x 10° m+ cm? in ethanol, 10.2 x 10° m+ 
(Tmax? iF 
ugha 


cm? in methanol and 18.9 x 10 M~ cm ~ in water) mak- 
ing detection of very low concentrations possible. For 
example, in this work, the concentration of solvated 
electrons in ethanol at the end of a typical pulse was 
1 uM (calculated assuming Gle. Je; = 1.7 and absorbed 
dose = 4 x 1026 ev/ml). In water, and the alcohols, 
the maximum absorbance occurs in the visible region. 
Despite the fact that the solvated electron was 


the last of the reactive intermediates to be identified, 


Le 
more is now known about it than any other. Several 
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hundred rate constants have been determined for the re- 
action of the electron solvated in water. A wide variety 
of solutes have been used, and reported rates vary by 
Nine orders of magnitude. The lowest rate constant which 
has been determined is for reaction with the solvent it- 


self. 


en 0) ee OY On (I-20) 
s 73 s 


Dt ORL ic: 


The reported value for k,_,) is 16M ~ s ~.°° How- 


ever, (I-20) may be more properly written as the uni- 


molecular decomposition (I-21), in which case kj_5, is 


a Ween ies eae 


So ——— > H+ OH. (I-21) 


The majority of the reported rate constants for 
the reaction of el with a solute (I-22) are near the 


diffusion controlled limit. That is, they are of the 


AN led Oy oe 


order of 10 M Send 


al ace + ae (I-22) 


The S denotes an electron scavenger. 


A comprehensive bibliography of pulse radiolysis 


79 ‘ 
of water, covering the years 1960 to 1969 y, «<LLStS 


56, 80-84 


nearly 200 papers and 40 review articles and 
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18 The alcohols have received much less attention 


30- 


books. 
as solvents for electrons. Of the alcohols, methanol 


and ethanol 
used most often. Recent reviews list the data obtained 
in both the steady state and pulse radiolysis of meth- 


47 and dcaner. 78 Similar results are often obtain- 


anol 
ed inthe alcohols and in water, as is shown in this 


thesis. 


iy THEORETICAL MODELS FOR THE SOLVATED ELECTRON IN 

POLAR LIQUIDS 

Theories for extra electrons in materials were 
initiated in the treatment of F-centers in alkali-halide 
crystals, and dilute solutions of alkali metal in liquid 
ammonia. The former gave rise to the polaron model ain 38 
among others. The latter gave rise to the cavity model.” 
The ideas advanced in these treatments are incorporated 
in present theories. 

The polaron model suggested a "self-trapping" 
mechanism for electron localization. The electron, by 
its presence, was thought to create a potential field 
due to the polarization of molecules in its locality. 

No physical cavity was postulated. Such a locality con- 
taining an extra negative charge was called a polaron. 


A self-trapping mechanism was also postulated for 
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the cavity model. Here however, a physical cavity con- 
taining the electron, surrounded by the positive ends of 
solvent dipoles, was used to describe the site of elect- 
ron localization. 

It might be thought that these theories are not 
mutually exclusive. Such was shown to be the case by 
Jortner 2081 who accomplished a merger of the two view- 
points. The treatment, when applied to the ammoniated 
electron, was successful in predicting the optical excita- 
tion energy andthe blue shift in the spectrum with ine 
creasing pressure or decreasing temperature. The sol- 
vent was viewed as a dielectric continuum. 

A further modification used the self-consistent 


101 to calculate the transition 


field (SCF) scheme 
energy in water. In the SCF treatment, the electronic 
polarization contributes to the binding energy of the 
electron. 

eo eA ec pancde i= won) ae recognize the mol- 
ecular nature of the solvent surrounding the localized 
electron. These models have had some success in cor- 
relating spectral properties. Beyond a solvation shell, 
often taken to be four molecules, the liquid is regarded 
as an isotropic continuous dielectric. 

Several treatments have made use of a molecular 


approach, where electron localization is considered only 


on the basis of electron interaction with a limited 
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106 107 


number of solvent molecules. Dimers and tetramers 


have been considered. An extension of these treatments 
is the stabilized cluster model. 198 
The various ideas have been discussed and re- 


109-114 It is agreed that no single model yet 


viewed. 
proposed is able to satisfactorily correlate all of the 
experimental data, even in a single solvent. Finding a 
quantitative explanation for the width of the solvated 
electron optical absorption spectrum has proven to be 
particularly difficult. 

More experimental data against which model cal- 
culations could be:tested are required. In particular, 


data which are obtained under the variation of tempera- 


ture and pressure would assist in further theoretical 


development. 
D. THE VARIATION OF PRESSURE 


There have been very few reports of pulse radioly- 


sis of liquids at high hydrostatic pressures. Of the 


Ls 
studies presented until now, all but one used water 


as the Senventecta 42° More use of pressure has been 


; ‘ 120-123 
Made in steady state radiolysis, both with water 


and alcohols 1247126 as solvents. However, even these 
reports are not numerous, and come from only two labora- 


tories. 
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As noted by Laidier Mees pressure studies provide 
at least as much insight into mechanisms as do tempera- 
ture studies. This should be particularly true of sol- 
vated electrons, in view of the cavity model. 

According to present theories, increase in pres- 
sure should result in a blue shift (to higher energy) of 
the solvated electron optical absorption spectrum. This 
would arise as a result of, among other things, compres- 
sion of the cavities in which the electrons are localized. 
This effect has been observed for pulse irradiated | 


water Tio, +19 and ethanol 222i dilute alkali metal 


ammonia solutions 128 and F centres in alkali halide 


erystals.1?? Also, the effect of pressure on the yield 
of solvated electrons might provide data which indicate 
whether cavities suitable for electron solvation pre- 
exist, or are created by the electron itself. Pressure 
would be expected to affect yields more in the former 
case through destruction of the necessary cavities. It 
seems apparent that pressure variation could be used to 
provide data which would test models presently available. 
The effects of pressure on the solvated electron 
reaction kinetics would also provide valuable data for 
use in postulating mechanisms. Changes in reaction 
rates due to pressure change are generally expressed in 


terms of the volume of activation (avt), which is the 
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change in volume in passing from the initial state to 


the activated state. 


AVT = -RT a) (I-23) 
T 


In (I-23), k is the rate constant determined at 
the pressure P. The equation shows that ayt is negative 
when increasing the pressure increases the rate constant. 
That is,when the activated state occupies less volume 
than the initial state, then pressure favours the lower 
volume state. The opposite is true when avt is positive, 
which means that the initial state has a smaller volume 
than the activated state. Increasing the pressure then 
inhibits the volume increase necessary to reach the act- 
ivated state. Application of Le Chatelier's principle 
results in the same conclusions. 

Interpretation of volume of activation data must 
include two effects. First is the change due to struct- 
ural factors of the reactants themselves as they enter 
the activated state, which should be of minor importance 
in solvated electron reactions. The second is the volume 
change resulting from reorganization of the solvent mole- 
cules. This should be larger and mainly due to electro- 
SCriCELoOn. 

It would also be interesting to see how pressure 


effects differ from temperature effects for similar 
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changes in solvent properties such as density and di- 
electric constant Og Since these properties have been 
used in attempts to correlate different sets of data 


obtained in studies of the solvated electron. 


E. THE VARIATION OF TEMPERATURE 
A great many chemical reactions adhere to the 
Arrhenius law expressed in (I-24). 


LS E_/RT 
k = Ae (I-24) 


A is the frequency factor and has the same 
UNnLtS. 4s. the rate constant, k. 


E. is the activation energy 


To test the law for a particular reaction, data 
must be obtained at different temperatures. Conformity 
to the law is indicated if a plot of ln k versus T/T (RK) 
is linear. The value of E, is determined from the slope 
OF the *pLor. 

From the standpoint of this law, it is necessary 
to understand the activation energy and frequency factor 
in order to be able to understand the factors which 
determine the rate constant. Information about the 
activation energies for solvated electron reactions would 
assist in achieving a better understanding of the reac- 


tion mechanisms. 
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Most of the reported values of E. for solvated 
electron reactions were obtained with water as the sol- 
vent. Under normal conditions, this restricts the range 
of possible temperature variation to less than 100°C. A 
number of the first activation energies determined were 
near 3.5 kcal mokn Ys This led to speculation that the 
lowest activation energy possible for solvated electron 
reactions in water was the same as that for diffusion 
in water 430, which is 3.5 kcal mol +) This was dis- 
proved when values for E. as low as 1.7 kcal mo1~+ were 


131 New theories about the diffusion mechanism 


measured. 
of solvated electrons in water were necessary. It was 
suggested that hydrated electrons may diffuse by migrat- 
ing between existing potential traps instead of through 
creation of new holes, as in conventional dafeusepatens 
The effects of changing temperature on the opti- 
cal absorption spectrum of solvated electrons can also 


41,65,133,134 54, temperature pulse 


yield valuable data. 
radiolysis of alcohols has given a greater insight into 
the electron solvation process. Baxendale and Wardman 
2s" Gebana that the solvated electron spectrum is very 
time dependent. Initially there was a structureless 
absorption rising steadily from 350 nm to 1,350 nm. 


It resembled the spectrum found for trapped electrons 


in hydrocarbon glasses. It was postulated that the 
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spectrum resembled that found in a medium of low di- 
electric constant because the einett had not yet reacted 
to the presence of the charge. This spectrum decayed 
rapidly (ty = 3 ns in ethanol at 166K) in the infrared 
with a simultaneous growth in the known "long time" 
Visible absorption spectrum. Within several hundred ns, 
no further change in the spectrum shape could be observed. 
The subsequent slower change was only in intensity, and 
was due to reaction of the solvated electrons. 

Solvation times for electrons were estimated from 
the emt of thenear infrared absorption. With these 


12 


data, and those of Hunt and coworkers obtained at 


room temperature, an activation energy of 4-5 kcal mo17+ 
was estimated for the solvation of the electron. Knowledge 
about the energy of activation is helpful in understanding 
how solvation begins. For example, it is estimated that 
the breaking of hydrogen bonds in the alcohols requires 
an activation energy of 4-5 kcal mol +, and this may 
therefore be rate determining in the solvation process. 
The variations of both temperature and pressure 
are valuable aids in obtaining data for testing theories 
and postulating mechanisms. The role of physical 
properties of the solvent can be elucidated by comparing 


the results from pressure and temperature variations 


which had a similar effect on the particular solvent 


property. 
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F. THE OBJECT OF THE PRESENT WORK 


When this work began, very few data were available 
concerning the pulse radiolysis of alcohols at other than 
ambient temperature and pressure. The effect of tempera- 
ture on the a7 optical absorption spectrum had not been 
fully investigated. °’ Information was especially lacking 
about temperature effects on the scavenging or decomposi- 
tion reactions of solvated electrons in alcohols. The wide 
liquid range of methanol and ethanol made these solvents 
especially good media for obtaining activation energies. 

No kinetic data had been obtained in the paige 
radiolysis of alcohols at high pressure. The optical 


11s Results 


data were limited to a single publication. 
from y and pulse radiolysis of water at high pressures, 
even though incomplete and sometimes contradictory, were 
proving useful in postulating mechanisms and testing 
models. Data fromthe alcohols would be equally valuable. 
It was therefore undertaken to determine temperature and 
pressure effects on the solvated electron optical and 
kinetic properties in methanol and ethanol. 

Reaction rate constants for (I-22) were determined 
for a number of gaseous solutes in the solvents water, 
methanol and ethanol. This work was first deemed 


necessary because the rate constants for the reaction 


of solvated electrons with N20 or SFE were not known in 
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the alcohols. These gases are frequently used as elect- 
ron scavengers in competition kinetics, and knowing their 
rate constants would allow rate constant ratios to be 
solved. When a technique for rapid sample preparation 
was developed, the study was expanded to include seven 
other gases. | 

It is hoped the work reported in the following 
chapters will contribute eventually to a more complete 


understanding of the solvated electron and its reactions. 
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A. MATERIALS 
Ls SOLVENTS 
a. Water 


Water was always freshly triply distilled from a 
Pyrex system and collected in a quartz receiver. The 
second distillation was from alkaline potassium perman- 


ganate solution. 


Db: Methanol 

Sources of methanol were: 

(1) Baker Chemical Company, Reagent Spectrophoto- 

metric Grade, 

(2) Fisher Scientific Company, Certified A.C.S. 

- Spectroanalyzed, 

(3) Monsanto Company, Commercial Grade. 

Typical impurity levels reported by Monsanto were 5 ppm 
carbonyl, 20 ppm acid and 70 ppm water. The best 
Fisher methanol was of similar purity and that from 
Baker was less pure, as indicated by the solvated 
electron lifetime in each. 

Routine purification was therefore carried out 
in an apparatus constructed of Pyrex with grease free 
ground glass joints. A slight positive pressure was 
maintained in the system by a continuous flow of Ultra 


High Purity (U. H. P.) argon which could only escape 
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through U-tubes containing mercury. Sulphuric acid (1.0 
ml/litre of alcohol) and 2,4-dinitrophenylhydrazine (1.5 
gms/litre of alcohol) were added to the methanol. The 
solution was gently refluxed for at least eight hours, 
then slowly distilled through a one meter column packed 
with glass helices. Receivers were rinsed several times 
with fresh distillate before being used to collect the 
middle fraction. 

An alternative purification used the same apparatus 
and methods, but the methanol was treated from aissia- 
tion containing sodium (1 gm/litre) and sodium boro- 
hydride (1 gm/litre). 

Both methods yielded a nearly odorless product 
in which the solvated electron lifetime had been simil- 
arly increased. Distillation from acid media in the 
first method precludes the increased electron lifetime 
being due to contamination by base. Gas chromatographic 
analysis showed that neither method increased the water 
content within the detection limit of 500 ppm. 

Treated methanol was stored under U.H.P. argon 
in Pyrex flasks with stoppers wrapped in Parafilm "M". 
No deterioration in purity occurred over several months 


at room temperature. 


Cc. Ethanol 


Absolute-Reagent Grade ethanol was obtained from 
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the U. S. Industrial Chemical Company. Experience had 
shown this to be the best Seid tiene having reported 
Maximum impurity levels of 50 ppm water, 5 ppm methanol, 
and less than 1 ppm benzene, halogen compounds or car- 
bonyl compounds. Treatment by either of the purifica- 
tion methods used with methanol resulted in no improve- 
ment or even a decrease in purity. 

Contact with oxygen or moisture had to be avoided. 
This was accomplished by fitting the ethanol bottle 
with a Pyrex syphon and applying several pounds of 
U.H.P. argon pressure. Alcohol could be obtained by 


opening a Teflon stopcock on the syphon tubing. 


a. SOLUTES 


a. Solid Compounds Used as Solutes 


Solute Supplier 
(1) biphenyl . Matheson, Coleman and Bell 
(2) cadmium chloride Baker Chemical Company 
(3) naphthalene Eastman Organic Company 
(4) phenol B.D.H. Chemicals Limited 


(5) potassium hydroxide Fisher Scientific Company 
(6) sodium B.D.H. Chemicals Limited 


(7) sodium hydroxide Fisher Scientific Company 


All solid additives were of reagent quality. Some 


received the following treatment before use. 
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(1), (3) 
(4) 


(5), (7) 


(6) 


Sublimed under vacuum 

Melted under vacuum in a modified sublimation 
apparatus. Sodium-potassium alloy was then 
added with vigorous stirring. peters reqetton 
was complete,phenol was sublimed, then trans- 
ferred to the stock solution under an atmos- 
phere of U.H.P. argon. 

Only transluscent pellets free of carbonate 
spots were used 

Fresh metal surfaces were obtained by cutting 
under n-hexane. The metal was then dried in 
a stream of U.H.P. argon and rapidly trans- 


ferred to the solvent. 


b. Liguid Compounds Used as Solutes 
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Solute Supplier 
(1) acetone (spectro A.C.S.) Eastman Organic Company 
(2) acetonitrile Matheson, Coleman and Bell 
(spectroquality) 
(3) acrylonitrile B.D.H. Chemicals Ltd. 


(4) benzene (research grade) 


(5) 1,3-cyclohexadiene (99%) 


Chemical Samples Company 


Phillips Petroleum Company 


(6) ethyl acetate Matheson, Coleman and Bell 
(spectroquality) 


(7) nitrobenzene 


(8) perchloric acid (70 wt. %) Baker and Adamson 


(9) toluene 


Fisher Scientific Company 


Fisher Scientific Company 
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(10) trimethyl borate 


(11) o-xylene (99.93%) 


x 


Stauffer Chemical Company 


Chemical Samples Company 


Liquid additives were of reagent quality except where 


otherwise indicated. 


the following exceptions: 


They were used as received with 


(4) (9) (11) Vacuum degassed in a grease free system, then 


(5) (7) (10) 


Ce. 


(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 


distilled onto sodium-potassium alloy and 


stirred at room temperature overnight. The 


final distillate was collected in 10 ml 


Pyrex buibs and sealed under vacuum. 


Distilled in an atmosphere of U.H.P. argon, 


only the middle fraction being retained. 


Gaseous Compounds Used as Solutes 


Solute Supplier 
argon (U.H.P.) Matheson Company 
1,3-butadiene Phillips Petroleum Company 
carbon dioxide (99.5%) | Matheson Company 
ethylene Phillips Petroleum Company 
ethyne (99.83%) Matheson Company 
nitrous oxide (98.53%) Matheson Company 
oxygen (99.95%) Alberta Oxygen Ltd. 
sulphur hexafluoride Matheson Company 


(99.83) 
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Gases obtained from Phillips Petroleum Company were 


research grade, and were used as received. Others 


were treated in the following ways: 


(1) 


(3247) (3) 


(5) 


Argon was run through a column of Labor- 
Absorber Oxisorb "G" obtained from Messer 
Griesheim GMBH Industriegase. This was to 
remove the 2-3 ppm of oxygen the argon was 
reported to contain. 

The gas was bubbled through two "scrubbers" 
containing triply distilled water, then 
through a trap held at 266K by an ice-salt 
bath, before use. 

The same as for (3) with the addition prior 
to the scrubbers of a trap held at 210K by 


a chloroform slush bath. 


a. Miscellaneous Compounds 
Compound Supplier 
(1) acetaldehyde Eastman Organic Chemicals 


(Research grade) 


(2) chloroform Mallincrodt Chemical Works 
(3) 2,4-dinitrophenylhyd- Eastman Organic Chemicals 
razine 


(4) ferrous ammonium sulphate Mallincrodt Chemical Works 


(5) helium Canadian Liquid Air 


(6) n-hexane (99 mole $%) Fisher Scientific Company 
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(7) y=nitric acid Baker Chemical Company 
(8) potassium B.D.H. Chemicals Ltd. 

(9) potassium permanganate B.D.H. Chemicals Ltd. 

(10) potassium thiocyanate Fisher Scientific Company 


(11) sodium borohydride (98%) American Drug and Chemi- 


cals. Co. 
(12) sodium chloride B.D.H. Chemicals Ltd. 
(13) sulphuric acid Canadian Industries Ltd. 


All were used as received and where purity is not indi- 


cated, they were of reagent quality. 


B. APPARATUS 
Lee THE SAMPLE CELLS 

Cells of Suprasil quartz from Pyrocell Manufactur- 
ing Company were used at atmospheric pressure. They 
were of 1.0 x 1.0 x 4.5 cm inside dimensions giving a 
cell volume of 4.5 com>, Two opposite faces were frosted, 
and the cell was topped by a graded seal so that it 
could easily be attached to Pyrex glass tubing. Dif- 
ferent cell designs are illustrated in Figure II-1. 

Cells of type (a) were used for samples contain- 
ing solid or liquid solutes for irradiation at room tem- 
perature or above. The Pyrex No. 7782 Terlon stop= 
cocks (Canadian Laboratory Supplies Ltd.) provided a 


good seal and could be closed rapidly. These cells 
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Pyrex Teflon J 


Silicone Rotoflo TF2/13 


ee Valve 
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Teflon coated 
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FIGURE II-1. Suprasil Quartz Optical Cells. 
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could not be used at low temperature due to air leaks at 
the stopcock. Cells of type (b) were used for irradia- 
tion at low temperatures. The technique for sealing 
these cells is described on page 7l. 

Cells of type (c) were used for samples containing a 
gaseous solute. The silicone rubber seal was soaked in 
ethanol before use to leach out soluble compounds. It 
was then wrapped in Teflon tape to further prevent sample 
contamination. Agitation of a Teflon coated stirring 
bar (1/8" x 1/2") included in the cell assured uniform 
mixing. A Rotoflo TF2/13 Teflon valve (Canadian Lab- 
oratory Supplies Ltd.) was used to provide a large open- 
ing during sample de-oxygenation. Cell volumes were 
calibrated from the weight difference before and after 
filling with absolute ethanol. 

The high pressure cell shown in Figure II-2 was 
fabricated in the chemistry department machine shop. 

The cell body of 410 Stainless steel was not heat treated. 
The electron window cap and the optical window caps of 
416S.sS. were heat treated to 36 Rockwell C hardness. 

The optical windows of sapphire (American Instru- 
ments Company, part No. A4-62065) were fixed to the 
caps with a very thin layer of Elmer's epoxy (The 
Borden Chemical Company). These windows could with- 
stand working pressures in excess of seven kilobars. 


The electron window was fabricated of Vascomax 
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Maraging steel hardened to 57 Rockwell C. The 2 Mev 
electron beam penetrated a thickness of 0.028 inches 

of this steel,which withstood pressures of greater than 
three kilobars in tests. Electron windows of 0.032 
inches thickness further attenuated the electron beam 
by a factor of two. Many pressure cycles work hardened 
the electron window, necessitating periodic replacement 
to avoid failure. 

As protection against unexpected failure of the 
window, the cell was fitted with a rubber lined steel 
shutter which opened for a period of 1.25 seconds, 
bracketing the occurrence of an electron pulse. The 
rubber lining was to prevent ricocheting of metal 
particles. The shutter was fixed to the cell body and 
fully covered the electron window cap when closed. 
Power was necessary to overcome the spring tension on 
the solenoid and neon Co the shutter in a closed posi- 
tion. There was therefore no magnetic field from the 
shutter solenoid while it was open for a fast absorption 
experiment. 

Teflon O-rings (Crane Packing Company) were used 
to seal cell caps to the body and the electron window 
to the electron window cap. It was found that Buna N 
O-rings could not be used in contact with alcohol be- 
cause of sample contamination. In some cases, Viton A 


O-rings could be used. 
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Analyzing light aera teeter oth 2.8 cm*of solution: 
The thinned portion of the electron window was 0.90 cm in 
diameter. Only solution behind this thinned portion re- 
ceived radiation, making the effective light path 0.90 cm. 
A small amount of Loc-Lube (Burrell Corporation) 
was used on the cap threads to prevent their fusing to 


the cell body under high pressure. 


bis THE OPTICAL DETECTION SYSTEM 

A schematic diagram of the path of the analyzing’ 
light is given in Figure II-3. The source was an Osram 
XBO 450 W xenon arc lamp contained in an Oriel Optics 
Corporation lamp housing (model C-60-50). A Perspex 
filter was usually placed in the lamp housing to filter 
out ultra-violet light. Power to the lamp was provided 
by the very stable SRL 40-50 Sorensen power supply 
obtained from Raytheon Company. Lamp noise was + 0.25% 
of the light output at 600 nm. At least one third of 
this noise was due to vibration caused by the cooling 
fan motor. A large part of the remainder was due to 
mirror vibration. 

A light shutter protected the sample from unneces- 
sary exposure. This was important for low temperature 
samples to prevent warming. The shutter could be re- 
motely controlled manually or automatically. In auto- 


matic operation it opened for 1.25 seconds. 
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Front surface aluminum mirrors coated with silicone 
monoxide were used to direct the light beam, focus it at 
the centre of the irradiation cell, and then render it 
parallel. In this way the light was transported from the 
irradiation room through a hole in the 1.2 meter thick 
concrete wall. Total path length of the optical system 
was 15 meters. 

The final concave mirror could be swung such that 
the light was focussed on either of two Bausch and Lomb 
monochromators (model 33-86-25). The one normally in 
use contained a number 33-86-02 grating (350-800 nm). 
Entrance and exit slits were set to give a bandpass of 
10 nm at 500 nm. The grating scale was calibrated at 
404.7, 435.8, 546.1 and 577.0 nm using a mercury lamp 
from Pen-ray Ultra Violet Products Inc. It was checked 
periodically at 632.8 nm with a He-Ne gas laser 
(University Laboratories, model 240). 

Wavelength settings could be advanced either manu- 
ally or automatically in preset increments using a 
Slow-Syn Synchronous/Stepping Motor (model TS25-1009) 
from Superior Electric Company. Wavelength was read 
from a digital display calibrated to the grating scale. 

The photodiode detector and the amplifier were 
housed in a brass box which made a light tight seal to 
the exit slit of the monochromator. The SGD-444-2 


photodiode was supplied by EG & G Incorporated, and 
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had a spectral range (10% points) from 350 nm to 1,130 nm. 
Maximum spectral response occurred at 900 nm where the 
sensitivity was typically 0.5 WA/uW. Response was linear 
over seven decades of incident power. 

Amplifier response from the absorption channel is 
illustrated in Figure II-4. Rise time (10-90%) of the 
detector and amplifier was 52 nanoseconds as shown in 
the inset to the figure. Rise time of the amplifier 
alone was 29 ns. Resistance gain of the absorption 
channel was 460 K2. 

The incident light channel measured d.c. light 
level and had a gain 11.1 times smaller than the absorp- 
tion channel. This difference in gain is referred to 
as the amplifier factor. It was determined by measuring 
the simultaneous output from each channel of an input 
Signal from a rapidly pulsing light emitting diode 
(Hewlett-Packard, model 5082-4400). 

Incident light was recorded as a voltage ona 
Hewlett-Packard model 3440A digital voltmeter, and was 
typically from one to five volts. Absorption signals 
were recorded as voltages on an oscilloscope cathode 
ray tube (CRT). “Tektronix 549; 17704 ‘or 7623 aseillco- 
scopes equipped with the appropriate plug-ins were used. 
Each CRT trace was photographed for later analysis using 
a Polaroid Model C12 camera and type 47 or 410 Polaroid 


Land film. 
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Rise time of the total measurement system was 70 
ms. Use of the 5 MHz filter on the 7A13 plug-in of the 
Tektronix 7623 oscilloscope increased this rise time to 
100 ns. Where the added rise time was not important the 
filter was used. Oscilloscope traces then had less 
noise,so the photographs could be analyzed more easily 
and accurately. 

For in situ Fricke dosimetry, a different measure- 
ment system was used. The Perspex filter was removed 
from the lamp housing. The second monochromator was 
fitted with a 33-86-01 grating (180-400 nm) and a 
1P28 photomultiplier (General Electric) with its ampli- 
fier. The response time of the 10 mM ferrous ion dosi- 
meter was 3 seconds. The signal was recorded by a 
model 1062 instrument computer from Fabri-Tek Instruments 
Incorporated. Polaroid photographs of the CRT traces 


were taken. 


a THE TEMPERATURE CONTROL SYSTEM 

Temperatures from 296K to 150K could be achieved 
by boiling liquid nitrogen at a controlled rate from a 
50 litre, wide necked steel Dewar vessel (Sulfrian 
Cryogenics Inc.). .A poly-vinyl chloride pipe (2.5 
inches i.d.) extended to the bottom of the Dewar. It 
was notched at the base to allow liquid nitrogen to 
flow in, and it was fixed to a lid which fit snugly 


to the neck of the Dewar. The system could be filled 
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with liquid nitrogen while in use through a hole in the 
lid. A 1000 watt nichrome wire coil was attached inside 
the P.V.C. pipe about 7 cm from the bottom. 

Cold nitrogen gas was transported to the sample 
box through one meter of brass pipe (0.5" i.d.). The 
pipe was insulated by a layer of sponge rubber tubing 
(026257) id. x0. 5" .walljeand a lJayer of Styrofoam 
3 em thick. 

Temperatures from 296K to 370K were obtained using 
hot air from a modified laboratory heat gun (Master 
Appliance Corporation, Model HG-501L). Current to the 
element and the fan motor could be individually con- 
trolled. The fan speed was controlled by manually set- 
ting a Variac. Hot air travelled 45 cm through uninsul- 
ated brass tubing (0.5" i.d.) to the sample box. 

Current to the nichrome element in the Dewar and 
the heat gun element was provided by an Ohmite "V.I." 
Variac (0-120 V, 25 amps) from Ohmite Manufacturing 
Company. It was controlled by a two mode controller 
from API Instruments Company. The voltage setting on 
the Variac depended on the temperature desired. Too high 
a setting would result in rapid cooling. The controller 
could not then respond fast enough, resulting in over- 
cooling. Equilibration at a desired temperature could 
be achieved more rapidly with gradual cooling. 


Optical cells were held snugly on three sides 
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by a one piece blackened-brass holder. A steel spring 
which assured accurate cell position formed the fourth 
Side of the holder. An adjustable slit, usually set at 
0.3 x 2.5 cm,was attached to the side of the holder. 

The holder was fixed in a Styrofoam box of 12 x 
12 x 27 cm outside and 7 x 7 x 17 cm inside dimensions. 
To minimize spreading of the electron beam the Styro- 
foam was thinned from the outside directly in front 
of the cell. Analyzing light entered and left the box 
through evacuated Suprasil quartz windows (2 x 2 bape 
press fitted into the sides of the box. At tempera- 
tures below 240K it was necessary to blow dry air on 
the windows to keep the outside surface frost free. 

Heating or cooling gas entered at the bottom 
of the box and was deflected to force it to circulate 
before leaving through a 30 cm high insulated chimney 
in the lid. Maximum température was limited to 370K 
because of distortion of the Styrofoam at higher tem- 
peratures. 

Temperature measurements were made using copper- 
constantan BE a nl Initially they were 
calibrated in slush baths at 113 K (iso-pentane), 175K 
(methanol), 210K (chloroform), 250K (carbon tetrachlor- 
ide), 273K (ice-water), and 371K (boiling water). 
Later, because of their reliability, thermocouples were 


only checked against each other at room temperature 
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and 273K. 

Two thermocouples were attached to the brass cell 
holder and one to the cell using G.E. RTV silicone 
rubber adhesive. Miniature thermocouple connectors 
(Thermo Electric (Canada) Ltd).) were used to connect 
the thermocouples to the voltage measurement system. 

A millivolt potentiometer (Leeds and Northrup Co., 
Cat. No. 8686) provided sensitive voltage measurement. 

Temperature equilibrium in the system was 
assumed to exist when all three thermocouples indicated 
the same (+1°C) for a period of -five- minutes. Once 
equilibrium was achieved the temperature could be 
maintained indefinitely. 

The sample box was fitted with two pieces of 
square steel tubing (0.5 x 0.5 x 4") in which samples 
could be placed for pre-cooling. The tubing protected 
the samples from radiation and the pre-cooling speeded 
return to temperature’ equilibrium after a sample 


change. 


4. THE HIGH PRESSURE SYSTEM 

Figure II-5 shows the high pressure system which 
was built for both direct and remote operation. The 
air driven fluid pump (Haskel Engineering and Supply 


Co., 600 to 1 pump ratio, 75,000 psi rated)*was run 
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on nitrogen gas (Liquid Carbonic Canadian Corporation). 
Cylinder 1 was maintained at 60 psi by a regulated 
supply from cylinder 2. Smooth pump operation required 
this ballast volume, and restricting it to 60 psi en- 
sured against pressurizing the system over 2.6 Kbar. 

Gas flow for pump operation could be controlled remotely 
by a valve (VI) fitted with a Slow-Syn driving motor 
(Superior Electric Company). The pressurizing fluid 

was a low viscosity oil (Bayol 35, Imperial Oil Co.). 

Manifold valves V2 to V7 were from American 
Instrument Company (100,000 psi, Cat. No. 44-19115) 
as were the associated fittings (1/4") and connecting 
tubing (316 Stainless Steel, 100,000 psi rating). 
Valves V2 to V4 were fitted with Slow-Syn motors. The 
system could be depressurized either manually at V7 or 
remotely through V2. 

Obtaining the same er eeeates during different 
experiments was sometimes necessary. The pump could 
not usually be stopped in mid-stroke,so some pressure 
often had to be released. Due to the very small fluid 
volumes involved, opening a valve to atmosphere released 
pressure too quickly to be controlled. This problem 
was solved by use of a "controlled leak" which 
could be installed at V2. The leak was made from an 


Aminco high pressure union (Cat. No. 45-12957). A 
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short piece of 1/4" steel rod was prepared the same as 
high pressure tubing would be. A very shallow file 
mark was then made on the rod where it made the metal 
to metal seal with the union. Tightening the gland nut 
set the leak rate along the file mark. 

A factory calibrated 100,000 psi Heise gauge was 
used to measure system pressure. The gauge was viewed 
on a closed circuit television monitor during remote 
Operation. For pressure tests a more rugged 80,000 
psi Aminco gauge was used. Access for pressure tests 
was provided between valves V5 and V6. 

Isolation of the pressurizing fluid from sample 
solutions was accomplished using the bellows bomb 
shown in Figure II-6. The bomb was fabricated in the 
chemistry department workshop from Ultimo 200 steel, 
heat treated eae machining and then pressure tested 
toi4.3 kb. The stainless steel metal bellows (Metal 
Bellows Corporation) was silver soldered to a hardened 
416 S.S. plug. Bellows assemblies were leak tested 
under vacuum with a helium leak detector. The plug 
to bomb seal was made with a -218 Buna N O ring. 

The bellows bomb was mounted directly above the 
high pressure cell, the cell and bellows assembly being 
joined by 15 cm of high pressure tubing. 


Failure of the pressure system on the sample 
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FIGURE II-6. The High Pressure Bomb and Bellows Position 
Indicator 
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side of the bellows or incomplete filling of the high 
pressure cell could result in destruction of the bel- 
lows by over-compression. To guard against this a 
device was designed to indicate the amount of compres- 
sion of the bellows. The compression indicator used 
the inductance change created as an iron rod moved 
through the windings of a transformer to produce a 
deflection on a microammeter. The rod (1/8" x 6") 
rested on top of the bellows assembly, and could move 
freely up and down in the stainless steel barrel ee 
lustrated in Figure II-6. Electronic components were 
housed in two metal cabinets, one of which fit over 
the barrel. Moving this cabinet up and down the 
barrel by adjustment of a collar set the stroke of 
the iron rod into the transformer windings. 

The indicating microammeter was in the second 
cabinet. It was set near the Heise gauge such that it 
could also be viewed on the television monitor. 

The circuitry designed and built by the chemistry 


department electronics shop is shown in Figure II-7. 


Ds THE BUBBLING SYSTEMS 
a. Samples in Quartz Cells 


The U.H.P. Argon bubbling manifold for use with 
quartz cells is shown in Figure II-8. A regulator 


controlled argon pressure at 6 psi. Heavy wall rubber 
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tubing (1/4" i.d. x 1/8" wall) connected the regulator 
to a column of Oxysorb "G" which removed oxygen from 
the argon. The main manifold was of Pyrex glass. Pyrex 
No. 7282 Teflon stopcocks controlled the gas flow 
through the stainless steel needles (8" long x 0.025" 


gE 


b. Samples for High Pressure Cell 

Samples were U.H.P. argon bubbled and the high 
pressure cell was filled using the system depicted in’ 
Figure II-9. Tygon tubing (1/4") connected compon- 
ents from the argon cylinder to the 200 ml Pyrex sample 
reservoirs. Oxysorb "G" removed traces of oxygen from 
the argon. The reservoirs were filled through grease- 
less 35/25 ball and socket joints which could be 
tightly closed with No. 35 ball clamps. 

During sample bubbling the system was maintained 
at the regulated supply pressure of 10 psi by throt- 
tling through Nupro needle valves (Nuclear Products 
Company, type B-4H-VT) on the reservoirs. Lead sheet 
(1/4") surrounded the reservoirs to protect samples 
from radiation. 

Filling of the high pressure cell entailed the 
following sequence Of operations. The Rotoflo TF2/13 
valve (V3) and the Aminco high pressure valve were 


Opened. Vacuum caused the cell bellows assembly and 
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connecting tubing to be evacuated. Complete evacuation 
collapsed the bellows and was indicated by the bellows 
position indicator. Fluid drained from the system was 
trapped in a 2 litre flask placed in a styrofoam box 
filled with solid carbon dioxide. The Welch Duo- 

seal vacuum pump was further protected by a trap held 
at 77K by a Dewar of liquid nitrogen. Components 

from valve V3 to the vacuum pump were connected with 
heavy wall rubber tubing. 

Valve V3 and the needle valve on the reservoir 
containing sample solution were then closed. The 
appropriate Rotoflo valve (Vl or V2) was opened slowly 
and sample solution flowed through Pyrex tubing, then 
high pressure tubing,to fill the cell and bellows 
assembly. Complete filling to a pressure of 10 psi 
was indicated by a fully extended bellows. The empty- 
ing sequence was repeated to flush the system and 
after the final filling the Aminco high pressure valve 
was closed. About 50 ml of solution was needed to 


flush and fill the cell. 


Ce The Gaseous Solute Bubbler 

The apparatus used for preparation of stock solu- 
tions saturated with a gaseous solute is shown in 
Figure II-10. Gas entered the bubbler at V1 (Rotoflo 


TF2/13 valve). A fine porosity glass frit near the 
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FIGURE II-10. The Gaseous Solute Stock Solution Preparation 
Apparatus 
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valve prevented fluid from escaping and gave finely 
divided gas bubbles for more efficient mixing. The gas 
flow rate was generally about 60 cm? per minute. The 
solution was constantly stirred with a Teflon coated 
stirring bar. A mercury thermometer fitted the grease 
free 10/30 ground glass joint midway up the 100 ml 
bubbler. 

Gases were usually pre-treated by bubbling twice 
through medium porosity fritted glass immersed in 200 
ml flasks of triply distilled water. The "scrubbed" 
gas was passed through a trap held at 266K by an ice- 
salt bath to dry it before use. 

To obtain a stock solution a microlitre syringe 
(Hamilton Company) was injected through the silicone 
rubber seal. Valve Vl was closed and all gas bubbles 
allowed to escape. Then valve V2 (Rotoflo TF2/24) was 
closed. Manual squeezing of the modified stainless 
steel bellows (Metal Bellows Corporation) forced solu- 
tion into the syringe. It was withdrawn before pres- 
sure on the bellows was released. Valves V1 and V2 
were then opened and bubbling continued. 

This technique prevented solution degassing as 
would normally occur when filling a syringe. Samples 
of the stock solution were taken regularly in the 


same manner for immediate gas chromatographic analysis. 
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6. GAS CHROMATOGRAPHY 

A Hewlett-Packard 5750 Research Chromatograph 
was used with thermal conductivity detection. The flow 
rate of helium carrier gas was 55-60 om? per minute. It 
was dried before use by passage through a 30 cm column 
packed with molecular sieves (Linde Company). The 
desiccant was periodically regenerated by removing ae 
from the column and then heating it to 423K for several 


hours in an oven equipped with an exhaust fan. 


As Analysis of Water in Alcohols 


The column used was stainless steel (1/8" x 6') 
packed with 10% by weight Carbowax 1540 on 30/60 mesh 


Chromosorb W (Waters Associates Ltd). 


b- Analysis of Gaseous Solutes 


The column used was copper (3/16" x 6') packed 


with 30/40 mesh silica gel -(Fisher Scientific Company) 


re THE VAN DE GRAAFF ACCELERATOR 

The source of high energy electrons was a Type AK 
2.0MeVvan de Graaff Accelerator manufactured by High 
Voltage Engineering Corporation. The normal operating 
voltage of 1.87 MeV could be extended to 2.20 MeV when 
needed. The maximum peak current delivered during pulsed 
operation was 130 ma. Pulse lengths of 3, 10, 30, 100 


nanoseconds and 1.0 microseconds were available,but only 
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the two longest pulses provided useful doses. 

Variable millisecond and direct current operation 
were also possible. However, in these operational modes, 
serious heating of the 0.003" thick aluminum electron 
window (Figure II-11) could occur if too high a beam 
current were used. Failure of the window due to heat 


weakening would destroy the high vacuum (~2 x Tom torr) 


inside the SCCETSPStOT beam pipe. arr ons damage he elec- 
tronic components could also result. Beam current was 
therefore limited to 100 ua during d.c. operation. Slightly 
higher currents could be used with millisecond pulses. 

The entrance from the control room to the accel- 
erator and target rooms was shielded by a concrete maze. 
Closing and locking the iron gate at the control room end 
of the maze sounded a warning buzzer for 15 s. Accel- 
erator operation was possible only after cessation of the 
buzzer. Opening of the iron gate resulted in immediate 
shut-down of the van de Graaff generator. 

Several methods could be used to monitor the 
steering and focussing of the electron beam. The method 
commonly used was to fix a piece of phosphorescent paper 
to the end of the accelerator beam pipe. The paper 
could be viewed on closed circuit television. Each 
pulse of electrons caused a visible glow where it struck 
- the phosphor, enabling accurate steering and focussing 


by adjustment of current to electromagnets. 
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When equipment blocked visual observation, the 
beam could be steered by maximizing either the SEM dose 
(see page 68 ) or the absorption from a "dummy" sample. 

Typical beam diameter at the electron window was 
2.5 cm, with the most intense portion confined to an 
area of about 1 cm?, 

8. THE SECONDARY EMISSION MONITOR (SEM) 

The relative dose for each electron pulse was in- 
dicated by a secondary emission monitor. The SEM con-' 
Sisted of three thin metal foils placed inside the accel- 
erator beam pipe perpendicular to the path of the high 
energy electrons. As shown in Figure II-1l, the SEM 
was positioned near to the electron window. This was to 
ensure that the beam monitored was as similar as possible 
to the beam striking a sample. 

Aluminum (0.001" thick) was originally used for 
the foils. However, the emission characteristics changed 
with time, probably due to slow surface oxidation of the 
foils. The secondary emission was also found to depend 
on beam current density. 

Use of Havar, a cobalt base high strength alloy, 
overcame hese problems. It was obtained in very thin 
(0.0001") sheets from the Hamilton Watch Company, Pre- 
cision Metals Division. The low average atomic number 


(about 27) of this material made it superior to gold 
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(At.No. 79) because of less beam attenuation through 
electron scattering. | 

The 2" diameter foils were separated by 0.5 cm. 
The outer two were maintained at a potential of +50 volts. 
Passage of an electron pulse generated secondary elect- 
rons. The electrons ejected from the centre foil were 
collected by the outer foils, the net result being a 
current flow from the centre foil. 

Current flow occurred only during a high energy 
electron. pulse and was measured and held by a gated charge 
(Q) amplifier. This amplifier then fed current into an 
Ortec Model 439 current digitizer for 0.50 seconds. The 
digitized signal was displayed as picocoulombs of charge 
on channel A of a TSI Model 1535 counter. Channel B of 
the counter recorded cumulative sample dose. 

The SEM dose for 1.0 and 0.1 us electron pulses 
was 4.45% of the primary electron dose measured as a 
current from a gold target fixed to the beam pipe elect- 
ron window. The ratio of SEM to target dose could be 
varied +7% by changing beam steering and/or focussing. 

Actinometry in situ was used to calibrate the 


SEM as a secondary dosimeter as explained on page 95. 
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Cc. TECHNIQUES 
1. SAMPLE PREPARATION 

Quartz cells and other glassware were cleaned by 
performing the following sequence of operations. First 
the vessel was rinsed twice with absolute ethanol. While 
the surface was still alcohol wetted, concentrated nitric 
acid was added. The resulting exothermic reaction caused 
the acid to boil vigorously. Acid was then removed by 
rinsing many times with triply distilled water and the 
glassware was dried at 388K in a clean oven reserved For 
that purpose. Just before use it was rinsed twice with 
the appropriate solvent or solution. 

Metal apparatus, including syringe needles, were 
washed first with hexane to remove oil and grease, then 
with soap and hot water. They were finally rinsed many 
times with triply distilled water and oven dried. Before 
use they were rinsed several times with the solvent being 


used. 


a. Samples in Type (a) Cells 


Stock solutions were prepared in either 50 or 100 
ml Pyrex volumetric flasks. Solid solutes were weighed 
in the flask on an analytical balance. Liquid solutes 
were added by microlitre syringe (10, 50 or 100 ul). 
The exception was perchloric acid, which was weighed to 


avoid contact with metal. Dilution of the acid was done 
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at 195K to avoid decomposition of the alcohol solvent. 
Samples were prepared by syringe addition of stock 

solution to solvent in a clean cell. For samples con- 

taining a high enough solute concentration the stock 

solution was the pure solute. Samples were de-aerated 

by bubbling for at least 20 minutes with U.H.P. argon 

at a rate of about 25 cm? per minute, and then sealed by 


closing the stopcock. 


D. Samples in Type (b) Cells 


These samples were prepared in the manner described 
in a, but were sealed after bubbling as illustrated in 
Figure II-12. — 1 took place at room temperature. 

The syringe needle was then withdrawn to just above the 
liquid as shown in step 2 and the argon flow rate was 
increased somewhat. The cell was placed in a Dewar flask 
filled with finely ground solid carbon dioxide and cooled 
to 195K. Heating the thinned portion of the tubing with 
a flame flushed volatile substances from the glass wall. 
The syringe needle was then further withdrawn as oe 

in step 3, and the seal was made as rapidly as possible. 
This method was used for all samples in alcohols at low 
temperature. A given sample gave the same electron life- 
time at room temperature whether sealed in this way or 


by a stopcock. 
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cs Samples in Type (c) Cells 

Sample cells were filled to above the valve with 
solvent and deoxygenated with argon at a rate of about 40 
ems? per minute for at least 30 minutes. The syringe 
needle was then withdrawn to just above the valve seat, 
and the valve was closed. This left no gas volume in the 
sample. Only when injections of stock solution of >50 ul 
were necessary was a small gas volume left in the cell to 
prevent breakage. The solvated electron lifetime could be 
determined in the pure solvent before syringe susie don of 


the solute solution. 


Solute and solvent were thoroughly mixed after an 
injection by repeatedly inverting the cell while shaking 
it gently. This action allowed the Teflon coated stir- 
ring bar to travel back and forth between the bottom of 


the cell and the valve seat (see Figure TI=12). 


The injection technique was improved until several 
injections of U.H.P. argon resulted in no decrease in 


the solvated electron half-life. 


di. Samples in the High Pressure Cell 

Samples were prepared by syringe addition of 
stock solution to solvent in a 50 or 100 ml volumetric 
flask. After thorough mixing the solution was put in 
the 200 ml Pyrex sample reservoir (Figure II-9) and 


bubbled with U.H.P. argon at a rate of at least 40 om? 
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per minute for 30 minutes or more. 


Subsequent handling of the sample is explained on 


page 60. 
e. Samples Containing Sodium Alkoxide 


Freshly cut and cleaned sodium metal was washed 
with n-hexane, then dried in a stream of U.H.P. argon 
before it was added to the alcohol solvent. This sol- 
vent was then used for sample preparation in the normal 
manner. 

The approximate concentration of sodium alkoxide 
was determined by titration to the bromothymol blue end 


point using standardized aqueous HCl. 


ae GAS CHROMATOGRAPHY 
a. Analysis of Water in Alcohols 


A column oven temperature of 351K gave good separa- 
tion of water from methanol or ethanol. Retention times 
for methanol and ethanol were 20 s and 26 s respectively. 
The retention time for water was 90 s. 

Calibration solutions of 1, 0.5, 0.2, 0.1 and 0.05 
volume percent er were made by syringe addition of 
water to the appropriate absolute alcohol. 

Water peaks were broad with long following tails. 
This made determination of peak area difficult. Calibra- 


tion peaks were therefore compared visually with those 
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obtained from sample injections. By adjusting the sample 
injection volume to obtain a peak of similar area toa 
calibration peak, the unknown water content could be 
approximated. 

The column retained a small amount of water perman- 
ently at 351K. It was therefore necessary to condition 
it by injecting a small amount (several wl) of water at 


the beginning of each run. 


b. Analysis of Gaseous Solutes 


The column conditions were varied to suit individual 
gases being analyzed, as is given in Table II-l. Solvent 
retention times were much longer than those for the gas- 
eous solutes. To speed elution of the solvent, the column 
oven temperature was increasec to more than 500K after 
appearance of the solute peak. 

Calibration for each gas was done under conditions 
identical to those used during analysis. The required 
gas was contained in a Pyrex bulb of about 20 cm? volume. 
A silicone rubber seal and a Rotoflo valve formed a "Y" 
on the bulb. While filling the bulb, the valve was open 
and gas was flushed through a syringe needle inserted to 
the bottom of the bulb through the rubber seal. After 
thorough flushing the valve was closed and the bulb filled 
to greater than atmospheric pressure. 

Gas tight 10 or 25 pl syringes (Unimetrics Univer- 


sal Corporation, 1000 Series) were used to withdraw gas 
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TABLE II-1l 


Column Conditions for Gaseous Solutes Analysis 


Solute 


1,3 Butadiene 


Carbon dioxide 


Ethylene 


Ethyne (acetylene) 


Nitrous oxide 


Oxygen 


Sulphur hexafluoride 


Column Oven 
(+ 1°K) 


486 
423 
423 
422 
368 
368 


368 


423 


Retention Time 
(+ 2s) 


87 


33 


39 


50 


75 


17 


70 


a2 


76. 


«BT 


te 


tye ae win 
| OW) 7 


« x 
\ ' i 
v- \f " 
t 
Av 
a 
' pax 4 
, ' 
“a ; : 
' z of 

Z ad 4 ; ¥ 
, vs 4 , 7 ? a uf = ox” 
Gnade ~ ry  F a bh ow, Liv ac® - i 

: Cae F ‘ en OENS : ye aa 7 
i : wy 
iy ae 
» e i /’ y] & 
f any 1 ~~ ‘ 
ae ’ 7 i 
K “ 
, be neninn of 
> » 
AT j 4 2 
Y ¢ oy ~ 
: A , 
nae : ” L Ce Se i 
’ % 
i ay 


Re e ee a ® mY , ; i i og a ¢ 
7 Alay ? 7 7 es exci a se vee se ; if D 
Laem sik ae Fee Line Aen a A A, ings =a ran eee ae. 


77. 


from the bulb and inject it onto the chromatograph col- 
umn. As shown in Figure II-13, plots of recorder peak 
height versus injection volume were linear. 

For 1,3-butadiene the peak area was plotted against 
injection volume. This was because the half-width of 
peaks from gaseous and solution injections were different. 

Small air peaks from calibration injections were 
sometimes encountered. It was difficult to eliminate 
the air. Calibration for air was therefore done, and 
the air peak corrected for on gaseous solute calibration 


plots. This procedure resulted in a zero intercept on 


the plots. 
oe SODIUM-POTASSIUM ALLOY PREPARATION 


Sodium-potassium alloys containing between about 
10 and 50 percent sodium by weight are liquid at room 
temperature. 176 These alloys are superior to either 
pure metal in providing reducing media for chemical 
purifications. The major reason is that with stirring, 
a fresh metal surface is constantly exposed. 

Alloy was prepared in the Pyrex apparatus depicted 
in Figure II-14. The volume of the reservoir was 
chosen to suit the amount of solvent to be purified, but 
was generally greater than 100 com>, The Hoke valve had 


a stainless steel body and a Teflon seat. The stirring 


bar was Teflon coated. A series of constrictions formed 
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PEAK HEIGHT, cm 


Gas Chromatograph Calibration Plots 
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FIGURE II-14. The Na-K Alloy Preparation Apparatus 
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"cells" along the sidearm. 

Small cubes of freshly cut and cleaned metal were 
placed in the sidearm as shown in the figure. The tube 
was then carefully sealed off with a flame and the sys- 
tem evacuated to a pressure of <1 x 10° torr. 

After closing the Hoke valve, heat was applied 
with a modest flame to the tubing containing the metal. 
When the alloy flowed into the first cell, the first 
constriction was sealed off and the used tubing was 
discarded. Alloy was then distilled from one cell to — 
the next, each time sealing off the used cell, until it 
flowed into the reservoir. The Hoke valve was then 
reopened to remove any volatile material. 

A Dewar of liquid nitrogen was used to lower the 
reservoir temperature to 77K, and then the material to 
be purified was distilled onto the alloy. Before re- 
moving the Dewar from around the reservoir the Hoke 
valve was closed. If upon warming to room temperature 
there appeared to be appreciable reaction occurring, 
the valve was periodically opened to remove gases. 

After stirring overnight the treated material was 
distilled under vacuum at 77K into 10 cm? Pyrex bulbs, 


which were then sealed off with a flame. 


4. ANALYSIS OF POLAROID PHOTOGRAPHS 


Typical photographs taken of the CRT of the 
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Tektronix 7623 oscilloscope are shown in Figure II-15. 
Each picture was taken after a 100 ns pulse at a sweep 
speed (horizontal scale) of 1.0 us/cem. The vertical 
scale is in volts/cm and is proportional to absorbance. 
For i and ii the vertical scale is 0.05 and 0.1 volts/cm 
respectively. 

It should be noted that the actual CRT trace was 
photoreduced by a factor of 1.28. This factor has no 
effect so long as one main graticle division is allowed 


to represent 1.0 cm when making measurements. 


a. Analysis of the Kinetics from Photograph i 

Photograph i in Figure II-15 shows the first-order 
decay of the solvated electron absorption at 600 nm in 
ethanol at 297K. The solvated electron half-life was 
normally determined directly from such photographs. 
First, a best-fit line was drawn through the noise on 
both the baseline and the decay curve. Then the vertical 
distance between the curve and the baseline was taken 
using calipers. This distance was usually measured along 
the second vertical graticle line following the end of 
the electron pulse. Using a graticle line as reference, 
the calipers were then closed to one half the tetanee 
first measured. With one caliper point on the baseline, 
the other point was used to scratch a mark half way 


between the curve and the baseline. This mark was 
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FIGURE II-15. Typical Oscilloscope Trace Photographs 
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checked by measuring the distance from it to the curve 
with the same caliper setting. The distance from this 
mark to the point where a horizontal straight line in- 
tercepted the curve represented the half-life. This 
direct reading method yielded a solvated electron half- 
life (ty) Of 6.1 yis¥in photograph i. Plots of the log 
of relative absorbance against time from the end of the 
electron pulse were sometimes made. Such a plot from 
data on photograph i is shown in Figure II-16. After the 
first microsecond the plot is linear, indicating first- 
order kinetics. 

The half life of solvated electrons is the time 
required for the absorbance to decrease by a factor of 
two from any point on the linear position of the plot. 
This method gives the same half life as is quoted above. 

As is the case in the figure, plots were sometimes 
initially non-linear. This could be due to either the 
noise in the trace or a contribution from a faster re- 
action or both. Therefore the first centimeter or so of 
the trace was ignored when analyzing kinetics by the 
direct reading method. 

In low temperature alcohols there was a large 
contribution of an initial faster first order reaction. 
This contribution increased as the temperature decreased. 


Photographs for these experiments were analyzed by 
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extending the slower decay curve back to the end of the 
pulse. The direct reading method could then be used. 
First order plots indicated that this method was satis- 
factory. The faster decaying absorbance could be ana- 
lyzed approximately using the extension of the slower 
decay as the baseline. 

A minimum of three concentrations of scavenger 
molecules were used inthe determination of second order 
rate constants. The concentration of solvated electrons 
was much lower than that of scavenger molecules, result- 
ing in pseudo first order kinetics. Photographs could 
therefore be analyzed by the direct reading method. Plots 
of the pseudo first order rate constant against scavenger 
concentration had a slope equal to the second order 
scavenging rate constant. The zero scavenger concentra- 
tion intercept of such a plot should have given the 
first order decomposition rate constant of the solvated 
electron in the solvent being used. If it did not, an 
error in the plotted concentration of scavenger was the 
most probable reason. The direction of the error 
assisted in determining and correcting the cause. 

Second order rate constants obtained at different 
conditions of temperature or pressure were used to 
determine the Arrhenius activation energy or the acti- 


vation volume for the reaction of scavenger molecules 
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with solvated electrons. Activation energies were calcu- 
lated from the slope of a plot of the log of the rate 
constant against the reciprocal of the absolute tempera- 
ture. Activation volumes were calculated from the slope 
of a plot of the log of the rate constant against the 


pressure. 


b. Analysis of Optical Absorption From Photograph i 
Absorbance could be determined at any time along 
the solvated electron decay curve by substitution in the 
following formula. 
ue 


Do I 
A= a log, jeezien S | (1) 


A is absorbance at time t after the beginning of the 
electron pulse. 
D/D is a dose normalization factor where D is the SEM 
dose and Do is an average dose, usually chosen to be 1.0 
ncoul. from the SEM. 
I, is the incident analyzing light in volts 
I. is the absorbed light in volts at time t. 
F is the amplifier factor which is the ratio of the am- 
plification of the absorbed light to the incident analyz- 
ing light. 

Calculations of absorbance for the purpose of 


spectrum plotting were done using (1) in a simple com- 


puter program. Normally, t equalled the length of the 
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electron pulse. 

When the solvated electron lifetime was short 
there was significant decayin the absorbance during the 
pulse. This was particularly true for 1.0 us pulses. A 
correction for this decay was applied where necessary 


using (2). 


ty 


-1 
| a —*—| 1 - exp(-0.69t_/, ) (2) 
. tet ral P |} 


Ay is the absorbance at t, corrected for decay during the 
pulse. 
t, is the solvated electron decay half-life. 


ves is the electron pulse length. 


Analysis of a minimum of ten photographs, each 
taken of an experiment at a different wavelength, was 
necessary to plot a solvated electron optical absorp- 
tion spectrum. The spectra were always broad. It was 
often difficult to determine the wavelength of maximum 
absorbance by inspection. To. remove bias a geometric 
method was used. A minimum of three lines were drawn 
on a spectrum parallel with the abscissa (wavelength 
scale). A mark was made on each line half way between 
the points where the line crossed the shoulders of the 
spectrum. A line joining these points intersected the 
spectrum at hone: The method is illustrated in Figure 
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In ethanol the build up of radiolysis products 
which react with solvated electrons spoiled samples. To 
avoid errors from this source, samples were usually used 
for less than ten pulses before being changed. Also, 
spectra were determined by a method which detected changes 
in a sample or experimental conditions. Wavelength was 
first varied in 20 nm increments in one direction, then in 
the reverse direction with the first increment of 10 nn, 
and the rest 20 nm. If there was no change in experimental 
conditions or sample purity, the points at Gib ernedtace 
wavelengths should fall on the same smooth curve as those 
points obtained prior to reversal of the direction of the 


scan. 


Cc. Analysis of Optical Absorption from Photograph ii _ 

Photograph ii in Figure II-15 is of the optical 
absorption at 478 nm in a 5.0 mM KSCN aqueous dosimeter 
solution following a 0.1 us electron pulse. At a sweep 
speed of 1.0 us/cm there is very little decay evident in 
the (SCN) . absorption. 

Calipers were used to measure I, between straight 
lines drawn through the noise on each trace. The ab- 
sorbance was calculated using (1). The dose received 


by the sample could then be calculated. 


A = > | oe a 
i ih oe 
ie) Oe ee oC 


ei : ; we { 
¥ 3 t Ana x Ae Vin 
» i r tiie van yee harry neate Cie tlds 
at hs A : - - - ; i hed < 
« ee q : ihe D0 ow ie ; 


‘ 7 
p> tes iy lex i 
‘ 


nee ; ; ye 
«) 


adouborg 1 aedunie Wee sites ase ‘aia 

of .asiqnen siiencaneminision inten neem 
been yilewer otew s6tnee coor. abide omar? 
08th, .bepnsde gakad exoted aoatug abt as 
2spnsdo betosdeb onde aed 8 a. Speen 


nt gedd panes ee esnonorsnt mn OS ak b v te 
a Sched dead ocla ee 
maccmiawrlpeeiispa gene gives 6 vss | 
asetbemintnt 48 adntog ait vetwq.ofqmen * 
p= in ie a= 
ts perenn taba bq berks 


qeowe 5 SK 4 nowoate ex 4 | | 
ni JiShive ystab Laser yaa | nowt Neu 0.1 Yo a “ 
7 : Toh “) eae = 


ane 


90: 


D. TIMING OF A FAST ABSORPTION EXPERIMENT | 


Several highly coordinated measurements were 
necessary to conduct a successful fast absorption 
experiment. The electronic system most used evolved to 
the point where a properly prepared experiment could be 
largely conducted by pushing one button. The timing of 
events initiated by this button is illustrated in 
Figure II-18. Since the duration of events differ by 
up to six orders of magnitude, their widths in the 
figure could not be drawn to scale. 

Assuming all preparation was complete, including 
settings on the Tektronix 7623 fast storage oscillo- 
scope, an experiment proceeded as follows. Initially 
the remote erase cleared the oscilloscope CRT and 
Channel A of the TSI Counter. At the same time the 
light shutter, and if applicable, the high pressure 
cell electron window shutter, were opened. Also, the 
request for an experiment was added to the total of 
previous requests for a particular sample. This 
electron pulse count was registered on a Hewlett-Packard 
5245L Electronic Counter. 

After 1.2 s,at point A on the figure, the main 
sweep was enabled. To improve reproducibility the main 
sweep gate always triggered from a point on the power 


line signal which had positive level and positive 
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Remote Erase 


Lamp Shutter 
High Pressure Cell Shutter 


Erase Previous Dose 


Main Sweep Gate 


Fire Van de Graaff 


Delayed Sweep Gate 


Delayed Sweep Holdoff 


Gate to SEM 


Hold Incident Light 


Sample Incident Light 


FIGURE II-18. The Timing Sequence of an Absorption 
Experiment 
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Slope. This point was chosen to obtain the longest pos- 
sible low light-noise region for the experiment. Reasons 
for the importance of the analyzing light amplitude re- 
Maining constant during an experiment are given later. 

The first event in the main sweep was a 10 us 
pulse to fire the van de Graaff accelerator. A high 
energy electron pulse, indicated by B, occurred about 
1.8 ms later. There was an uncertainty in the time a 
beam pulse would occur. The 10 to 50 us uncertainty 
(D) was called beam "jitter" and was caused by the 
irreproducible closing of a mechanical relay. 

The signal to sweep the baseline for the absorp- 
tion trace came from the delayed sweep gate at point C. 
It was swept at the same speed as set for the corres- 
ponding absorption decay curve. After sweeping the 
baseline there was a 5 us delayed sweep holdoff. This 
time was needed to allow the system to settle. 

Passage of the electron pulse through a toroid 
located part way down the accelerator beam pipe supplied 
a fast pulse. This pulse was used to trigger an oscillo- 
scope sweep to record the absorption. Point E on the 
figure represents this sweep. Again, as for C, it was 
followed by a 5 us delayed sweep holdoff. 

The SEM was monitored from the beginning of a 


baseline sweep up to the end of the absorption sweep. 
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Thus any current from the SEM due to passage of high 
energy electrons was measured during the entire experi- 
ment and recorded. 

The incident analyzing light was sampled at the 
Same time as a baseline was swept. It then had to be 
held for at least 500 ms while the H.P. 3440 A digital 
voltmeter responded. Actual sampling of the incident 
light took a further 60 ms. This was the time required 
for the DVM to digitize the analog signal. 

Beam "jitter" was a complicating factor, parti- 
cularly in obtaining an accurate baseline. It was im- 
portant to have the baseline written as close in time 
to the absorption as possible. This was because any 
change in the analyzing light amplitude between sweeps 
C and E would result in an erroneous baseline. Any 
adjustment made in the delay time preceeding sweep C 
was therefore quite critical. If the baseline were 
swept too early it could be incorrect. If it were swept 
too late the absorption signal would be either missed 
completely (if the electron pulse occurred during the 
delayed sweep holdoff) or it would appear during the 
baseline sweep. The slower the sweep speed, the greater 
the possibility became that there would be delay prob- 
lems. The system was in fact limited to a slowest 
horizontal sweep of 2 us/cm. 


Modification of the system would allow use of 
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Bit sweeps. This was necessary only for samples having 
a solvated electron half life greater than about 15 us. 
The method used was to deliberately sweep the baseline 
late. The electron pulse would thus occur during sweep C, 
producing a short leading baseline, then the absorption 
trace. However, even with this technique, for speeds of 
10 us/cm or slower there was a significant chance coe 
error due to changes in analyzing light during the absorp- 
tion trace. 

When the automatic sequence of events was complete, 
the manual sequence began. First the CRT Proce was photo- 
graphed and the oscilloscope settings were recorded. Then 
the pulse number, SEM dose, incident TiGHey temperature, 
monochromator wavelength and other pertinent data were 
recorded. 

Occasionally an experiment was not completely 
successful. Reasons for this could be incorrect oscillo- 
scope settings, missed baseline, missed dose record, 
noise in the trace, or any of many other problems. After 
attempting to correct a problem the experiment would be 
repeated. Some samples, especially pure ethanol, 
were spoiled by build up of radiolysis products making 
it necessary to limit repeats of experiments to a minimum 
number of times. This was a major reason for keeping a 
record of the number of electron pulses a sample received. 


At the conclusion of experiments on a particular 
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sample, the electron pulse count and accumulated SEM dose 


on Channel B of the TSI counter were erased manually. 


E. IRRADIATION AND DOSIMETRY 
be IRRADIATION 


For irradiation of samples in quartz cells 1.87 
MeV electron pulses of 1.0 or 0.10 us duration were 


used. These pulses normally gave doses of about 9 x 16° 


16 


(~2 ncoul SEM) or 3 x 10 eV/g (~0.6 ncoul SEM) respec- 


tively. The beam current could be adjusted to give a 


17 


maximum dose of about 3 x 10 eV/g for a 1.0 us pulse 


16 eV/g for a 0.1 us 


and a minimum dose of about 1 x 10 
pulse. Overlap in the dose delivered by pulses of differ- 
ent width could not normally be obtained. 

An accelerator voltage of 2.2 MeV was used for 
irradiation of samples in the steel high pressure cell. 
The higher voltage and 1.0 us pulses were needed to 


es eV/g. This dose was deposited 


ebtain a dose of 5.x 10 
in the sample behind the thinned portion of the steel 
electron window. The thinned portion had a diameter of 


O.9"cm. 


Ze DOSIMETRY 
The dose delivered in each electron pulse was 
monitored by the secondary emission monitor (SEM). The 


SEM was calibrated to the dose received by a sample 
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using in situ actinometry. 
Routine actinometry used the optical absorption 


produced in oxygen-saturated 0.2 or 0.5 mM. KSCN 
aqueous solutions. The molar absorptivity, €, (molar 


extinction coefficient) used was 7600 mt ents fOr 


(SCN) at 478 nm. This value was chosen after perform- 


ing experiments to resolve confusion in the litera- 


43,137-139 


ture. The wavelength of maximum absorbance 


= 478 + 4 nm) and the absorbance were independent 


of temperature from 293 to EE Palas All dosimetry was | 


( Amax 


done in this region. It was assumed that G(OH), 4, = 


The dose in eV/g was calculated from the absorbance 
measured from photographs of the type shown in Figure 
LISS, he WR 


A-N 
ig eee EVAG (3) 


€.G(OH)*b-p +109 


where A = absorbance 
N. = Avagadro's number 
€ = molar absorptivity = 7600 Mee enna 
G(OH) = Number of OH radicals scavenged by SCN for 


each 100 eV of dose absorbed 
b = path length of analyzing light 


p = density of absorber. 
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The aqueous KSCN dosimeter was also compared to the 
Fricke dosimeter (ferrous —~» ferric ion) as reported 


in the results section. 


Eis DIELECTRIC CONSTANT (c€) AND DENSITY (p) 


is THE EFFECT OF TEMPERATURE 


Changing temperature changes the density ee of 
methanol and ethanol. This effect required adjustment 
of absorbed dose and solute concentration which had been 
determined for room temperature. The adjustment routine 
was simplified using a plot of P293/ Pp as shown in 
Figure II-19. Values for absorbed dose or solute con- 
centration were multiplied by the factor P593/Pp where 
T was the experimental temperature in °K. The factor 
was calculated from data in the literature. +7° 

The effect of temperature on the static dielectric 
constant (e€) is given in Figure II-20. Data from ref. 


141 was used between 298 and 500K. From 323 to 120K, 


data from ref. 142 was used. 


ae THE EFFECT OF PRESSURE 

The effect of pressure on the ratio Pp/P is the 
same for methanol and ethanol, as illustrated in Figure 
tE=2i, Po is the density at 1 bar and Py is the density 


at the pressure of the experiment. The points were 
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calculated from data given in ref. 143. Multiplying the 
absorbed dose or Poseentratdon determined at 1 bar by 
Pp/P, adjusted for the change in solvent density with 
pressure. 

The effect of pressure on ¢ is given in Figure II-22. 


144,145 Bout 


There is some conflict in the literature 
the effect of pressure on e¢. The data from ref. 145 
was chosen because the 1] bar values agreed well with 


those of refs. 141 and 142 at 293K. 
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Throughout the results section, there will be ref- 


erence to the two main types of reactions of e, investi- 


gated in this work. These are (4) and (5), 


= k = 
2 idis cag RCH.O 2 SS 2 (4) 
k - 
ce ae 5 . S — products (5) 


k, is a first order rate constant for the decomposition 


- : -1 : 
of e, and has units s °. k. 1s a second order rate con- 


stant for the reaction of a scavenger (S) with ea) and 


has units of ut eta 


A. SOLVATED ELECTRON OPTICAL ABSORPTION SPECTRA 
Ls THE EFFECT OF TEMPERATURE CHANGE 
a. Neutral Ethanol 


Spectra measured in pure neutral ethanol at tempera- 
tures from near its freezing point to near its boiling 
point (155 to 343K) are presented in Figure III-l. The 
absorbance (A) was calculated from measurements made at 
the end of 1.0 us pulses of 1.87 MeV electrons. The 
pulse length (0.1 or 1.0 us) had no effect on the energy 


of maximum absorbance (EB. +) or the peak width at half 


a 


height (W,) of a spectrum. The maximum absorbance 
2 
(Aone) per unit dose was lower for 1.0 us pulses than 


for 0.1 us pulses, especially at high temperature. This 
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was due to more decay occurring during the longer pulse 
as the solvated electron (e. ) lifetime became shorter. 


The values of En , W, and the wavelength at which 
oe 


ax 


A occurred (A ) are listed in Table III-1l1. There 
max max 


is good agreement with values obtained previously at 195 


and ~298K.°! Similar data obtained in neutral methanol 


oe! are also tabulated for comparison. 
In order to determine Wy from the spectra in Figure 
III-1l, extrapolation of the curves was necessary. This 
extrapolation was made assuming a bell shaped absorption 
on a wave length (A) plot. Extrapolation of the high 
energy portion (short A) would introduce a larger possible 
error in W,, than would extrapolation of the low energy 
(long 4A) portion of a spectrum. Fortunately only a short 
extrapolation was usually necessary to determine the half- 
height on the high energy side. Wy increased slightly 
with increasing temperature. 

The room temperature spectrum generally agrees well 


in shape and position with that determined by others. °4" 


67,71 There is no indication of structural features 


146 A careful re-determination of 


recently reported. 
the spectrum by Gavalas and Dorfman a also failed to 
show any resolvable structure. 

At lower temperatures an initial fast decay com- 


ponent of the absorption became increasingly apparent. 


This "spike" was due to absorption by solvated electrons 
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TABLE III-1l 
Solvated Electron Optical Absorption Properties 


Neutral Ethanol and Methanol® 


T, + 2K ,g/em>? P oF gc aap Enax'e’ Wy eV 
Ethanol 
155 0.908 64.5 545 227 ~1.3 
173 0.892 56.2 555 Deda 1.4 
(195) © 0.871 48.1 (582) (ots) (1.4) 
234 0.836 37.0 610 2.03 1.4 
296 0.780 24.5 688 1.80 led 
(~298) 0.778 24.2 (700) (177) (1.55) 
323 0.755 20.8 115 Te73 a) 
343 0.737 18.4 745 1.66 1.5 
Methanol 
183 0.888 69.0 557 2422 141, 
(195) 0.879 63.8 (565) (2.20) (1.26) 
243 0.836 45.3 “e600 2207 ee 
294 0.792 33.5 635 1.95 ies: 
(~298) 0.788 32. 7 _ (630) (1.97) (1.29) 
320 0.767 29.0 651 1.90 
336 0.752 26.5 675 1.84 
358 0.729 oshert 710 1.75 


Reference 65. 

From Figure II-19. 
From Figure II-20. 
Mean deviation + 1%. 


Values in brackets are from reference 67. 
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that rapidly undergo geminate neutralization. >? They may 
be called geminate ions and are designated (eaheun, ):- To 
obtain the spectrum of only solvated electron free ions 
(eg ¢i ) the slow decay portion was extrapolated back to 
the end of the pulse. First order plots including the 
extrapolation were linear. On the time scale of the 
present work, there would be no effect on the Beak or 
W,, of the low temperature spectrum if the absorption 
due to e ~ was included. This is shown in Figure 
s,;gem < 
III-2 using the e, spectrum in neutral ethanol at 166K. 
The curve through the circles is the total A at the end 
of a 0.10 Us pulse. The curve through the triangles is 
the A 4 Us after the end of the pulse. Here most of the 
are absorption has decayed. (ty <P us). )athe 


lowest curve,through the squares,is the difference bet- 


ween the first two. It is enriched in A due toe 
s,gem 


and has i of 570 + 20 nm. For the total e_ 
max = s 


and the e ~ spectrum, ee 23,565 4.5 nm...) The 


S, bi 
shape of the spectrum is also independent of time, within 
experimental error. A short extrapolation on the high 
energy side enables determination of W3,'S Of ‘to; 
1.30 eV; Ae. Seo CV senanG 1g) 7) 1 27 vey. 

The only effect of including the "spike" in plotting 
a spectrum of euy in low temperature alcohols is to 


increase A proportionally at all wavelengths. This 


would not be the case at shorter times. At ns times 
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the spectrum En and Ws, are very time dependent in low 


temperature aicoholse 0a? - 


ax 


b. ~mM KOH in Ethanol 


The en absorption spectra in irradiated ~l mM KOH 
in ethanol are given in Figure III-3. The absorbance is 
that obtained for a SEM dose of 1.5 ncoul. The A was 
not corrected for decay in the pulse or change in dose 
with solvent density. This results in a natural verti- 
cal staggering of the spectra for minimum overlap. This 
would have no effect on the properties listed in Table 
ITte 2Z.< 

The 230K spectrum has a low A relative to the 
others. The es half life was also low (~16 us) which 
indicates the presence of an electron scavenging impurity, 
probably oxygen. The A would be the only spectral 
property affected so long as the impurity concentration 
did not change. 

The 168K spectrum includes the "spike" due to 


The e spectrum had 26% 


absorption by e 


s,gem° SLeL 


lower A, but was otherwise identical. 

W's were not determined for spectra taken at high 
temperature because of the need for a long extrapolation 
on the lowenergy side. The W. of the room temperature 


spectrum is only approximate for the same reason. 


The addition of ~1 mM KOH had no effect on ae 
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TABLE III-2 


Solvated Electron Optical Absorption Properties 


~1 mM KOH in Ethanol 


T, + 2K [KOH], mmM° fomscomyimntt Eo rey 
= max max 
168 1.15 560 D2 
230 Toss 610 2708 
294 1.16 680 132 
324 0.98 720 wel2 
344 0.95 750 1.65 


a : 
Base concentration has been corrected for change 


solvent density. 


D Mean deviation + 1%. 


ae 


Woe eV 
Leo 
1.4, 

~1.6 
in 


sffS 
/ ae ea i 


oe female 


rs = es ar 


hay . 


Li2. 


or W,, of the e5- spectrum. It did increase A by about 
30% at room temperature. This was due to base removing 
impurity which would normally react with . 
Cc. The Effect of Temperature on E__, and Ge fbi 

The effect of temperature on ate ge of the Qe. absorp- 
tion in ethanol is shown in Figure III-4. Values plotted 
are taken from Tables III-1l and III-2. The temperature 


coefficient of the energy of maximum absorbance (GE ax/ 27) 


isp-35.2- x Lons eV/deg in both neutral and mM basic ethan- 


ol. An earlier report gave GE wax’ Gt = -3.4 x 107° eV/deg, . 
determined from measurements at 195 and ~298K. 
Values of G;; -€) in neutral and mM basic ethanol 


max 
are presented in Figure III-5 and Table III-3. The units 


of Ges -E) are (electrons 2/100 eV mol cm). Only ab- 
max 
sorption due to es fi is included. An adjustment for 
ta 


change in absorbed dose for changing solvent density has 


been applied. Dose determination was based on the 2 mM 


aqueous KSCN actinometer using G(OH) = 2.9 and 
Yt ea -l -1l 
S79 (SCN): = 7600 Me cm). 


Where necessary,a correction was also applied for 
decay during the pulse using (2). The correction at 
room temperature, where ty of e) was typically 4 us 
for a 1.0 us pulse, results in an increase in A of 9%. 


' At low temperature the correction would be much less than 


1% and was not made. 
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TABLE III-3 


Ges €) in Neutral and ~mM KOH in Ethanol® 
max 
T(K) [KOH] , mM? Ton Teme ee mic 
a £1 max 
~298 0.0 wag 7° 
296 0.0 1.52 
294 0.0 1.55 
293 0.0 1.52 
293 0.0 P52, 
234 0.0 1.48 
195 0.0 1.52 
185 0.0 1c 8 
173 0.0 1.48 
344 0.94 2.02 
324 0.97 2.00 
295 £0 1.96 
233 107 2.03 
170 1.15 1.98 
354 1.40 2.09 
323 1.46 207 
294 eS 201 
250 1.58 1.82 
227 1.63 1.68 
226 1.63 1.94 
173 sy 1.63 


Both 1.0 and 0.1 us pulses were used. 
Corrected for solvent density. 
Units of (electrons 2/100 eV mol cm). 


Reference 67, normalized at room temperature to value 


from this work. 


o Reference 3l. 
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G..-€ is independent of temperature in neutral 
ge Nees 
ethanol. It increases slightly with increasing tempera- 
ture in~mM basic ethanol. The value is always lower 
in neutral than in basic solution. The trends are the 


same in methanol.” 


rae THE EFFECT OF KOH CONCENTRATION 


Absorption spectra for e ~ in ethanol at 294 Besa LK 


Ss 
are given as a function of KOH concentration in Figures 
III-6 and III-7. The spectral properties are summarized 
in Table III-4. In order to calculate A it was neces- 
sary to know the solvent density. For 1.0 M KOH in 
ethanol a density of 0.842 gm/em? was determined. Den- 
sities of other concentrations were found by interpola- 
tion between this and the pure solvent density. 

The value of Boas was not affected by increasing 
base concentration. This has also been noted where the 
ethanol was made basic by the reaction with sodium 

69 


metal. 


Br increased with increasing KOH concentration 


due to increasing yield of es fi 


The spectrum shape, as indicated by W, , appeared to 

2 
be slightly base dependent. The narrowing at the high- 
est base concentrations may have been partly due to the 


effect of water. The KOH used was about 15% water by 
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TABLE III-4 


Solvated Electron Optical Absorption Properties in 


Basic Ethanol, 294 LK 


[KOH] ,M Anax/ om EF nax'e Anax’ 1° Wye ev 
0 690 1.80 8.87 1.4, 
0.0005 695 1.78 11.48 TGs 
0.0011 690 1.80 11.70 Loy 
0.010 685 1B. 12.45 Let 
0.096 684 Tet 17.25 1-4, 
0.97 705 1.76 a1. 0 beds 


Ave.1.79 + 0.1 


4 Average from two spectra taken at widely separated 


times and different solution preparations. 


119. 


eit 


120. 


weight. Thus a solution 1.0 M in KOH was at least 0.5 M 
in water. Wy is much more dependent on the water content 
2 : 


in ethanol-water mixtures than a direct relation to the 


67 


mole fraction would predict. The value of W, for the 
2 


63 


ae spectrum in pure water is 0.885 eV compared to 


1.5 eV in pure alcohol. For spectra in ethanol-water 


solutions, W,, is less than 1.0 eV for mixtures of greater 


than 0.25 mole fraction of wate 


The effect of dose was much less in basic ethanol 


than in the pure neutral alcohol. i tee had not changed 


after 500 1.0 us pulses in 0.97 M KOH. The solid: tri- 
angles in Figure III-7 show the decrease in A due to 


1,500, 3,000 and 6,000 pulses of 1.0 us duration. 


Bie THE EFFECT OF IMPURITIES THAT SCAVENGE ae 


Spectra taken in ethanol with added impurity are 
given in Figure III-8. The spectrum in 4.7 x 10;° M 


H,SO, solution was the same in shape (W, = 1.5 eV) and 
2 


position ee = 690 nm) as that in pure ethanol. 
4 


The spectrum in 1.9 x 10. M acetone solution had 


a shoulder near 540 nm. A shoulder in this region was 


found previously in unpurified ethanol. 2" This 


shoulder was not found when purified ethanol was used. °* 
At 1.0 us after the end of the pulse the spectrum 
appeared slightly time dependent between 530 and 630 


nm. At 570 nm the absorption was about 7% greater than 
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would be expected from assuming the absorption to decay 
at the same rate as at Ae a Due to the short lifetime 


of on (ty = 0.7 us) in this solution, time dependence 
at longer times could not be determined. 

It was attempted to obtain a spectrum in a1 mM 
acetone in ethanol solution to see if the shoulder was 
enhanced. The spectrum had a lot of scatter because 
the very short ty (~160 ns) made reading of the photo- 


graphs difficult. There was, however, no evidence of 


a larger shoulder. 


4. THE EFFECT OF PRESSURE 

Solvated electron absorption spectra measured in 
pure methanol and ethanol at pressures of 1 bar, 1 kb 
and 2kb are given in Figures III-9 and III-10. Electron 
pulses of 1.0 us duration were used. 


The values of A , o and W, are listed in 
max’ “max 6 


Table III-5. Within experimental error the 1 bar re- 
sults are the same as those obtained in quartz cells. 


Baw variation with pressure in ethanol compares 


favorably with that found previously in 5 mM NaOH 


£15 


solution. The shift due to pressure in En and 


ax 


xe was 0.10 eV and -30 nm per kilobar in methanol. 
In ethanol the shift was 0.075 eV and -25 nm per kilo- 
bar. 


The W, increased with pressure in both alcohols 
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TABLE. .~1 ELS 


Pressure Effects on the Solvated Electron Optical 


Absorption Spectrum 


P(bars)* (g/cm?) Anax (mm Eo (ev) Wy, (ev) 


Me 
293K m 


Methanol, 295K 


ak 791 33.8 630 re rey! 1.3, 
1k - 850 36.6 610 2.03 1.4, 
2k 895 38.6 570 2.17 


Ethanol, 294K 


i: 0.789 25.8 680 Pe o2 1.4 
1k 0.849 27.6 660 1.88 LS 
2k 0.888 28.9 630 pis 1.7 


a Pressure read to + 43. 


B Determined from Figure II-21l. 


© Determined from Figure II-22. 


g Wavelength deviation may be + 1%. 
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as has been found in water, 115,118 


The A decreased with increasing pressure. The 
spectra have been corrected for decay during the pulse. 
They have also been adjusted for change in absorbed dose 
with increasing solvent density. This adjustment was 
Made assuming all of the solution analyzed to be pene- 
trated by theelectronbeam. It resulted in a decrease 
i ALOL 7.53% at 1 kb and 12.5% at.2 kb. However, as 
shown below, this correction would be in the wrong 
direction if 2.2 MeV electrons did not penetrate all of 
the solution sampled by the analyzing light. 

The effect of increasing electron beam energy on 
relative A of en in methanol is shown in Figure III-1ll. 
The electron pulses were 1.0 us in duration. The tem- 
perature was 296 + 1K. The relative A plotted was for 
es and was determined from short scans of the top of 
the spectrumat each pressure and beam energy. A cor- 
rection for decay during the pulse was applied. It 
varied from an 18% increase in relative A at 1 bar to 
a 51% increase at 2 kb. 

Adjustment for increased absorbed dose with in- 
creased solvent density was only applied at 2.32 and 
2.255 MeV. Leveling off of the A between these 
energies indicated all of the solution volume analyzed 
was being penetrated by the electron beam. 


A cross section of the volume of solution analyzed 
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is given in Figure III-12. The circular area indicates 
the 6.35 mm diameter analyzing light beam. The edges of 
this beam were cut off by the monochromator slits. This 
is approximately indicated by the dashed lines on the 
figure. The exact manner in which the analyzed light 
was affected by the slits was not known. It was 

assumed that 1 mm from each edge of the beam was lost. 
The area or tthe circle between the dashed lines is then 
a cross section of the analyzed volume. 

At beam energies below 2.25 MeV all of the dose 
was deposited in the solution between the electron win- 
dow and the back of the analyzed volume. The effect of 
increasing solvent density with pressure would be to 
increase that amount of the total dose being absorbed 
by the solution between the electron window and the 
analyzed volume. Correction for this would increase 
the relative A, in contrast to the case where the entire 
analyzed area was penetrated. 

Accurate allowance for the change in A with solvent 
density could not be made in this case, due largely to 
insufficient knowledge of the distance between the 
electron window and analyzed volume. This distance in- 
creased with pressure in an unknown manner due to com- 
pression of the Teflon O ring and slight outward bowing 
of the steel window. 


At a single pressure, A decreased with decreasing 
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FIGURE III-12. Diagram Showing Area of Solution Sampled 


by Analyzing Light Beam. 
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beam energy. This was largely the result of less penetra- 


tion of the solution by the electron beam. 


R = 0.543E - 0.160 (6)? 
R = range of electrons in 

gms /em? of aluminum 
E = electron energy in MeV. 


Using (6) it was calculated that a 2.035 MeV elect- 
ron beam would penetrate 4.68 mm of methanol at 1 bar 
(9 = 0.79 gm/cm”) after passing through the 0.71 mm 
thick steel electron window (p = 8.1 gm/cm?) . The dis- 
tance between the electron window and the analyzed volume 
was about 2.1mm at 1 bar. Therefore electrons did not 
penetrate more than 2.58 mm into the analyzed volume. 
This is just over half way across. 

A similar calculation for 2.32. MeV electrons showed 
they penetrated 6.64 mmbeyond the electron window, or at 
least 0.1 mm beyond the analyzed volume. The concentra- 
tion of absorbing species, averaged over the whole 
analyzed volume, would therefore be about twice as great 
for a 2.32 MeV as for a 2.035 MeV electron pulse. 

Correcting the relative A in Figure III-1ll for 
the lower penetration at lower energies at all pressures, 
as well as for change in solvent density at high pres- 


sures, would tend to give nearly horizontal line plots. 


This is indicated by the x and the dashed line 
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in Figure III-11l. 
There is a monotonic decrease in A with increasing 
pressure even when all necessary adjustments are applied. 


The decrease in An at a beam energy of 2.32 MeV is 


ax 
plotted in Figure III-13, and indicates dA ax’ =-25% 


per kb in methanol. 


Bice THE EFFECT OF PULSE DOSE ON ABSORBANCE 

The effect of pulse dose on A in neutral and 1.1 mM 
KOH in ethanol solution is given in Figure III-14. All 
points have been corrected for decay during the pulse. 
For both the neutral and basic solutions, there was a 
linear relation between A and pulse dose. The A in the 
1.1 mM basic solution was 26% greater than that in neutral 
ethanol. 

For pulse doses greater than about 3 ncoul from 
the SEM, there was increased scatter, especially in the 
neutral alcohol. Pulse doses of greater than 2.0 ncoul 


were not normally used in quartz cells. 


On THE EFFECT OF ADDED WATER 


As is indicated in Figure III-15, there was a 
large initial increase in A of eel in ethanol when a 
small amount of water was added. Further addition of 
water resulted in A increasing linearly with the 


weight percent of water added. 
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A is proportional’to the product G.€, so that 
Ay,0/ Aton = S-En0/ Sexton” From the figure, the ratio 
of A in water to A_ myPethanor-is~s.30. Thais, ratio 

max max 
is about 5% lower than that obtained from published 


values of Gree in water 63 and @thanol.° '°> 


B. TEMPERATURE EFFECTS ON = REACTION KINETICS 


11 NEUTRAL AND ~lmM KOH SOLUTIONS OF ETHANOL 


Arrhenius activation energy (E,) plots for the de- 


composition reaction of e ~ in neutral and ~1 mM KOH 


Ss7ii 
solutions of ethanol are given in Figure III-16. The 
temperature range was 350 to 166K. 

For both neutral and basic ethanol, the plotted 
data resulted in curves, indicating non-Arrhenius be- 
havior. The value of ky was higher in neutral ethanol 
than in basic solution at every temperature when 1.0 us 
pulses were used. Results in neutral ethanol from 0.1 
us pulses fell nearly on the basic ethanol curve. 

The high temperature region (lotr ss 228 tol 3.6) 
of the basic ethanol plot was approximately linear and 
indicated an E, of 4.8 kcal mol+. In the neutral 
alcohol therewas curvature in this region. The best 
} 


fit linear plot gave an E. of 4.0 kcal mol ~. At lower 


temperatures there was considerable curvature. However, 
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assuming a linear plot between 238 and 167K (103 /t = 
4.2 to 6.0) gave an E, Of 22. 5. kcal mo1” for both the 
basic and the neutral alcohol. 

For the basic solution to have an Bois 4.8 kcal 


mou 2 


over the whole temperature range would require 

a ty for es of greater than3 ms at 166K. This is 
nearly an order of magnitude greater than t's observed 
at this temperature, as indicated by the values in 
Tables III-6 and III-7. 

The detection system could not be used to measure 
ms half-lives because of changes in analyzing light in- 
tensity over such a time period. As explained on page 93 
this problem was an important consideration for t's 
greater than about 100 us. 

Reaction of a with impurity could be responsible 
for part of the observed curvature. Since addition of 
base did not decrease the curvature, the impurity could 
not be acid. 

Similar curvature has been observed in E. plots 


in neutral and basic Hetheneiee. 


7a E, FOR THE REACTION OF a WITH SCAVENGERS IN 
METHANOL AND ETHANOL. 
Reaction rate constants for (5) were found by plot- 
ting the pseudo-first order rate constant against the 


concentration of scavenger (S). The slope gave the 
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TABLE III-6 


ine ELeecc or Temperacure: on the en Decomposition Reaction 


Neutral Ethanol 


T, + 2K 10°/T(K) eis ies! log k, 
167 5.99 156 444 We 107 3.65 
178 G62 105 estay ese oN aye2 
186 5.38 79 B48 4107 3.94 
198 5.05 56 Wess 0" 4.08 
203 4.93 52 i?2 x 10° 4.11 
239 4.18 16 Anat 107 4263 
258 3.88 ey Wyk) 5s anoh 4.86 
275 3.64 Gade ieee G> 5.04 
293 3.41 A Sie go Web ea ee 10" Boo 
293 3.41 ee Gale. ale 5.18 
303 2.30 Ci: watered ese aka B26 
313 3.19 Ol eet ae Oe 5.38 
331 3.02 2005" Seam 10> o53 
345 2.90 Lede a OR 10: 5.69 
296 2438 Suse Deemer TO: BIL 
313 3.19 3, een: 10> 5.29 
328 3405 Dig amon 0- 5.48 
340 2.94 Tee ene 10> 5.59 

: $5% for ty < 50 ws. Error may be larger for longer ty. 


0.1 us pulses. Other data obtained using 1.0 us pulses. 
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TABLE III-7 
The Effect of Temperature on the en Decomposition Reaction 


~1 mM KOH in Ethanol 


T, + 2K —-10°/'T(K) Ske en log k, 
Te7 5.99 190 3 Gavel ets 
170 5.88 307 2.30 xt 10" 3036 
178 5.62 128 54 x 10" Mie 
185 5.40 aie 60d ing to? 3.78 
189 5.29 150 io) ee as ete 
210 4:77 aes) 9,5) x 107 3.98 
227 4.41 42 1.6, x 10" 4.22 
230 4.35 35 2.0 x 10 4.30 
250 4.00 Sh MCAS Metal 4.42 
259 3-86 Nene aed Tx, 10> 4.62 
271 3.69 MCG Oe 10 4.78 
294 3.40 be 1 2x: 10> 5.08 
295 3.39 CC? ie den 4.97 
305 3.28 reish tale oka 5.23 
312 Cpa Teo ee 1s 10° eee 
318 aA SN Gene ahi 5aa6 
320 ani3 ie RS 
323 3.10 We ee mre aaae Elif ana 
325 3.08 2 ayhwbts dot Biovo7 5.48 
325 3.08 Bas swine xt Oa 5.45 
340 2.94 penne ee sie 5.66 
346 2.89 We woe nae 10° 5.59 
354 2.82 M753 40) Zio Buiso 
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+ 5% for t, < 50 us. Error may be larger for longer 
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second order rate constant for the scavenging reaction. 
A minimum of three concentrations of S were used at each 
temperature. The molar concentrations were adjusted for 
change in solvent density with temperature. 

Samples were prepared by syringe addition of a 
stock solution to a known volume of solvent in a quartz 
cell. Samples were de-oxygenated by bubbling with UHP 
argon. Cells were sealed after bubbling by one of the 
methods explained inII-C-1l1, a and b. Electron pulses 
of 0.1 us duration and 1.87 MeV energy were used. 

Most points were calculated from the average re- 
sults of three experiments. Results obtained in the 
solvents methanol and ethanol are indicated by closed 


and open points, respectively. 


a. Acetone ((CH,) ,CO) as eae Scavenger 


The plots used to determine ke as a function of 
temperature are presented in Figure III-17, A, B, C, D, 
E and F. The plot for E. is given in Figure III-17G. 
Rate constants calculated from the data in Figures II- 


17 A to E are presented in Table III-8. The rate con- 
stant at 295K in methanol is 4.3 x 10° Mio sl. this 


is higher than the 2.5 x 10? ee sie reported by Pikaev 


et. al. 2 at room temperature. However, it is in 


9 
good agreement with the values of 4.2 and 4.0 x 10 


ut a found by Jha 148 and Robinson,respectively, 


et | ie ravers i, 
“ Pa: a ie rs § ae i, + 
moktonet pakynevese ott on: ea et ese 2 . 
0 ie, 
fone 45 Beat, anew ae svn 3 


: Aas , aut 
10% badagtha oxsaw vaelom 


Jemntihenea ao tw Noa sauyto ats 

a %0 not?.ibba wenkays. yd besaqexq, aa. rs ct tet F 
sitaip « 2 Sagvloe no saaiov ino 8. os ifomy 
Hy ote ier) Lidia vd hedeaagyxo-eb oxew e 
ad? ho 20 “i padded erie belave , exew: efieo 
waning domtoela - 6 bag 9 \E-9-1T at ‘partbategea 
falc Sapte eas Val 181 bes acid af 
ehh opsrets at mow? Setetooken Sow etatog 3 
etd ot Reiteatetg: eer) arevennee no 


aq 


te acta & a: bi i eats 
<o “ty Bi A stint per a - 
| [-rkT atopy? at, weve a. S ut soa « one’ a baa ae 
te pesignt ‘a sane eid ROH Botelwelsy efastenon: ‘ota ae | 

| tie, de ob jSo1EY afdat at Beacosong ors Bot B 9) i“ 
eka’ aie 3 pie 4 “e ® ie #t : Keegan. mi Aces 6 wee 


| 


, on 


vaeAtd ee Nin “2 a a *os % 248 edd neds xenpisl ai - _ 


hale sil ah tarawol: ivexaitiiteaed! moon 30° ae se a 
“ps % oy * oe ie quam oft ate “n5msa TPs” “B0R 


. ore i 
A 


| ciliated wom, 28: nat, wa bao ay as ae 
. or) , ’ | naire a i eat ~ : ; : 


(0.693/t 1,5) x10°9, 5" 


hj 
06 | 


O.4F 


© 
Nh 


Ww © 


141. 


2 ae 6 8 10 
[Acetone] x104,M 


FIGURE, ITI-17 A, Be thesEffiect of Ton 6. 4iAcetone 
qo | S 


(EtOH, Open Points; MeOH, Closed Points) 


ae 


i ie tig 
ueos 
#LGL 
) i 


hb 


1. ten bengady 5s 


- 


Pi ne nscale + iit ae BR, RO gomaka eit re ae Bit gabe aauert ~~ 
. mS | ‘x tng toh beeoto  Oute yaanio®t ago 99a. a he. 


; Lar Y » , s fl be Tint es a ay 
“we x i Lh 
; A , j = . Dae) Vie “Uy : : May i 


142. 


10 


0.8 


© © 
& oO 


O 
N 


Nn 
OO 


(0.693 /t 75) x10, s" 
& 
Oo 


w 
ro) 


N 
S 


1.0 


) 4 8 12 16 20 
[Acetone] x104.M 


FIGURE -IIiTt-17 ‘ce, op. -The*EEFect* of Ton ef, + Acetone 


(EtOH, Open Points; MeOH, Closed Points) 


ae | Or fey engtenA} 
fa, “ettod 9A +7 2° fro 5, Yeon: ‘eee a loticins wast 


a i mg OE ated boaol? tio’ ieantot me yaoaay ry 


; wy a ‘- yi et a TT \ F i 
. J "ee Arn: 
i" ry vs , } ; : he - es — { nih ‘i 


40 - 
3.0 


20 


ro) oS 


(0.693/ tj) x 106s" 
eS, 
© 


20 | 


1.0 


6) 8 16 24 32 40 
[Acetone] x 10°, M 


FIGURE III-17, E,F. The Effect of T on e, + Acetone 
(EtOH, Open Points; MeOH, Closed Points) 


ESL 


M 7 - : so J , ~ 
wey acti + 4 ag ' Hoss). 


st 


es 


144. 


10.0 


log k 


90 


8.0 


3.0 3.6 42 48 54 
103/T(K) 


EPGCURE Gil T—272Gs EA fOr eo + Acetone 


(EtOH, Open Points; MeOH, Closed Points) 


het 


ad 
x 
1 
; 
i 
-. 
t 
{ 
+f 
1 
‘2 
F 
\ i. 
' 
; - 
: 9 
iad 7 
‘ ‘bdo 
: 
xX 
‘ 
Ne 
ez 
ws A 
‘ 


TABLE III-8 
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with Acetone 


log ks 


Methanol, E. = 2.7, kcal mol + 


181 5.52 0.27 
209 4.78 0.63, 
238 4.20 1.1, 
295 3.39 4.3 
298 3.36 4.8 
321 a 6.3 
350 2.86 8.7 


Ethanol, E. = 3.0 kcal noes 


LI 5359 oe 
208 4.81 261 
a7, 4.22 Led 

293 3.41 4.9 

296 3.38 3.9 

321 go ree 

360 2.86 10.0 

a 


Error may be + 5%. 
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at 295K. The latter value is reported in this work. 


b. Nitrobenzene (C,H,NO,) as the at Scavenger 


The results are presented in Figure III-18 A, B, C 


and D, and in Table III-9. 
1 


a 


The E.'s in methanol and ethanol are 3.0 kcal mol 
but at any given temperature, the reaction occurs faster 
in methanol. than in ethanol. 

Results from separate preparation of solute and sol- 
vent at similar temperatures (291 and 295K) gave good 


agreement. 


(sie Naphthalene (Cy Hg) as the ene Scavenger 


The data used to determine the second order scaveng- 
ing rate constants are depicted in Figure III-19 A, B 
and C. The plot used to obtain E. is given in Figure 
III-19 D, and the data are summarized in Table III-10. 

As was the case for nitrobenzene, the E, for the 
scavenging reaction did not depend on the solvent used, 
although the reaction proceeded faster in methanol than 


in ethanol at all temperatures. 


, al 


M s in methanol £30 


A value of k, OfLee”x 10 


at 293K is in satisfactory agreement with values re- 


ported here. Similarly, values of 5.4 and 4.5 x 10° 


ut st for k, in ethanol 89,44 


Slightly higher than the 4.24 x 10 


ate (295Ht ikyare only 


A ut s+ found at 


294K in this work. 
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FIGURE III-18 A,B. The Effect of T on eni + Nitrobenzene 
(EtOH, Open Points; MeOH, Closed Points) 
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TABLE III-9 


The k's and E,'s for the Reaction of en with Nitrobenzene 


-10 a wotg7t 


T, + 1K 10°/T(K) 107° x Kee log ks 
Methanol, E, = 3.0 keal motes 
179 5.59 0.10 9.00 
217 F4S61. 0.39 9.59 
247 4.05 -74 9.87 
291 3.44 20) 10.32 
295 3.39 Day TO.32 
324 3.09 Bal 10.57 
352. 2.84 ~7.3 10.86 
Ethanol, E, = 3.0 kcal moloe 
179 5.59 -059 Beda 
216 4.63 ~24 9.38 
251 3.98 59 9.77 
291 3.44 Ds 10.18 
295 3.39 1.4, O27 
334 2.99 2.8 10.45 
357 2.80 4.4 10.64 


@ Error may be + 5%, except for T > 295K, where it is 
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FIGURE III-19 A,B. The Effect of T on en + Naphthalene 


(EtOH, Open Points; MeOH, Closed Points) 
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FIGURE III-19 D. E_ for a + Naphthalene 
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295 
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183 
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247 
294 
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TABLE IITI-10 


3 = 
10 /T 10 


Methanol, E, 


5.49 


4.76 


Ethanol, ES a 


* Error may be + 5%. 
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d. Perchloric Acid (HC10 ,) as the Qe, Scavenger 


The results for acid scavenging of a in methanol 
and ethanol are presented in Figure III-20 A and B. The 
rate constant data used to determine E, from Figure III- 
20 C is compiled in Table III-1l. 

Gbiciderenie difficulty was experienced in the 
acid kinetics work because of adsorption of He onto the 
walls of the quartz optical cells. This resulted in 
intercepts on the "wrong axis" in some cases. °8 At 
temperatures above 295K,curvature was evident in plots 
of 0.693/t, versus [Hi 1, making determination of the 
rate constant impossible. At higher temperature, re- 
action of the acid with the solvent could occur. The 
direction of the curvature was consistent with removal 
of acid from solution by reaction. 

The values reported for ke at room temperature in 


87,88,92,147 44,68,88,89,92,93,147 


methanol and ethanol 


differ by about a factor of three. The most recent 


pulse radiolysis results pe agree well with those 


obtained by conductivity measurements ae and calculated 
diffusion controlled paluesaoe The 296K values re- 
ported here are 12% and 10% lower in methanol and 
ethanol, respectively, than those calculated for a 
diffusion controlled reaction. The value recommended 


by Baxendale 47 in methanol is 5.6 + 0.8 x pa ut ey 


in good agreement with the result of this work. 
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FIGURE III-20 A,B. The Effect of T on ee tet: 
(EtOH, Open Points; MeOH, Closed Points) 
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TABLE III-11l 


The k's and E,'5 for the Reaction of en with Perchloric 


Acid 

T, + 1K 10°/T_ pa fee Mie ca log k, 

Methanol, Ee 3.2 kcal mol 
188 5.32 255 9.41 
216 4463 ae 9.88 
246 4.07 os 10.32 
294 3.40 5.2) 10.72 
296 3.38 Bas 10.74 

esl 

Ethanol, a 4.0 kcal mol 
b 

188 5.32 0.075 8.88 
216 4.63 20° 9.30 
246 4.07 ore 9.89 
294 3240 2.9 10.46 
296 eek ae 10.52 


a 
Error may be + 15%. 


b Results from 2 acid concentrations. 
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Low values result when water is an impurity,due to 


a decrease in the diffusion coefficient of solvated pro- 


tons, 28 92/151,152 
e. Benzene (CHE) as the ee” Scavenger 


The results are shown in Figure III-21 A, B, C, D 
and E, and in Table III-12. 

Benzene is a poor scavenger of electrons. The room 
temperature rate is four to five orders of magnitude 
lower than for acid or other efficient scavengers. If 
there were from 0.01 to 0.001 mole % of impurity in the 
benzene, which scavenged electrons at a diffusion con- 
trolled rate, it could account for all of the observed 
decrease in the 7 lifetime. There are two facts which 
indicate that this is not the case. One is that E, in 
both methanol and ethanol was found to be about 6 kcal 
oll or nearly twice that for the faster scavenger 
reactions. The other is that there was a much larger 
effect of solvent on the benzene + on rate than there 
was for the faster reactions. For example, at 295K, 

k, (EtOH) /k, (MeOH) = 5.3 for benzene + e.-: The same 
facton is~0.6 for acidush ea and 0.7 for nitrobenzene + 


e e 
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Calculated rate constants from competition kinetics 


ere 5 x 10° mt 5? 153 and 2 x 10/ ut Se: oe in 


ethanol and methanol at room temperature. These values 
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FIGURE III-21 C,D. The Effects of T on e + Benzene 


(EtOH, Open Points; MeOH, Closed Points) 
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TABLE III-12 


The k's and E,'s for the Reaction of e im with Benzene 


=) 


rac Sian | 


T, + 1K 10°/T(K)_ ke, Ms log ks 


a 


b 


Cc 


d 


Methanol, E, = 6.4 kcal mol 


204 4.90 1 bxol0s 4.04 

218 4.59 S3epexelOmne 4.52 

232 4n32 Gian seh0e 4.86 

255 3.92 JastienlOr 5E36 

295 3.90 out xa 0F 6.08 

350 2.86 da5isxwlod 7.18 
1 


Ethanol, E, = 6.0 kcal mol 


AoC 


195 5.13 beabecerO 4.74 
218 4.59 goa wxal0- en 5.23 
236 4.24 Soda xokoa 6 5.64 
257 3.89 958 wekor 5.99 
6 da 
295 3.90 6s4naxblO 6.81 
325 3.08 pion snl 0) 7.18 
350 2.86 AG. fulon reeds 


Error may be + 10%. 
Determined from two benzene concentrations. 
Rate constants determined from linear portion. 


Separate preparation of solute and solvent gave same 
result. 


dae nee NG? 


\ ) bes a 
: y Zi a he oy 
a a ee 
“ecmnaed ashes a 6 maiihioen een pr ‘e 


24 wot aa hy He Sy bs “wnt a Le 
* Fein tok bd a 


oueddesiiniaie anssned ows wie bontmratea @ 
tio ia, teeakl: tos Bendmedo® ‘apunsenos sian 


i poe : amea Ne, sihovion, as. sition.» Bo sammich s2exaana ° 
f hy cable é 


ol” an | Ore eee a ae) 
eo | ee Sanit: ae ae m ei, aT aa ; 


162. 


are relative to assumed values of k(e. —— p> ROL! + H) = 
ax 10> 5 - and Kites | + impurity) [impurity] = 5 x 107s 72 
for the former, and k(e_ + N,0 — > ) = 8.7 x 10? ut 


ar for the latter case. The value in ethanol agrees 


well with that presented here, but the methanol value is 


high. A similar high value of 1.8 x 108 ut see was 


reported (assuming k(e_ + N.O — >) = 8.7 x 10° Mae ety 


2 
in n-propanol. +> Use of impure benzene is the most 
probable reason for obtaining apparently high k.'s. 

The low temperature portion of this work required 
careful attention to the possibility of benzene freezing 
out of solution. Sample cells were sealed at 195K for 
low temperature irradiation. Several samples which were 
greater than 1 M in benzene were observed to have 
crystals in them at this temperature. These samples were 
warmed and mixed well before use. They were not used 
below 204K. No solid benzene could be seen in the 
samples at this temperature. However, the freezing out 
of benzene is probably responsible for the curvature 
at high benzene concentration in Figure III-21-C. 

This is further support for the contention that 
impurity was not responsible for the observed decrease 
in t, for Sept If it were impurity alone, freezing out 


of benzene would not affect ty. 
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r% Phenol (C HOH) as the e Scavenger 


me results depicted in Figure IILI-22 A, 'B;, C, D, 
E and F are tabulated in Table III-13. 

Phenol is also a relatively poor electron scavenger. 
The same difficulty in establishing solute purity en- 
countered with benzene also applied here. Use of argu- 
ments similar to those used with benzene may imply that 
the observed rate was not due to impurity reactions. 

However, the E, 5 OL “4.5. and, 4.4°Kcal Ola in 
methanol and ethanol are between those found for benzene 
and those found for efficient scavengers. The room 
temperature rate is faster for phenol than for benzene 
by a factor of 5 in methanol and 7 in ethanol. It is 
therefore not possible to rule out some contribution of 
an impurity reacting with ae 

A likely impurity in phenol is benzoquinone, which 
should scavenge en) efficiently. It should also react 
with alkali metal more rapidly than does phenol. It was 
therefore attempted to purify phenol by treatment in 
vacuum with Na-K alloy, followed by sublimation off 
the resulting salt. Phenol treated in this manner 
apparently increased slightly the scavenging rate in 
ethanol at room temperature. The data are included in 
Table III-13. 


However, the treated phenol gave a kp lower than 
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FIGURE III-22 F. E. for es + Phenol 
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TABLE III-13 


The k's and E.'s for the Reaction of ong with Phenol 


T, + 1K = 10°/T(K) Rey 8 log k, 
Methanol, E, = 4.5 kcal mo1 + 
220 A155 9 Bhi xe107 5.97 
259 3.86 7) = 10° 6057 
295 3.39 6.7 weno? 6.83 
325 3.08 pales 10! 73 
350 2.86 nee soni a RS 
Ethanol, E, = 4.4 kcal aoe 
200 5.00 es eee he 6426 
231 4.33 Peat Oo 6.87 
238 4.20 723 (NOS 6.86 
253 2755 Tos" x0 7.10 
256 3.90 Lad x20! 7.14 
295 3.39 5502/6 1007 7-70 
296 3.38 Ady eel On, 7264 
324 3.09 Ten kes 8.04 
350 2.86 Tod) a0” 8.23 
¢ Error may be + 10%. © Determined from two 


* concentrations of 
Phenol treated with Na-K alloy. phenol 
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expected at 295K in methanol. This is evident in that 
log k, falls below the line on the a plot at this tem- 
perature. From the E, plot, the expected kK, at 295K would 


be 1 x i0/ ut s 1. This was the value found at 295K 


oi It therefore appears as 


using untreated phenol. 
though the Na-K alloy treatment had no effect on the 


purity of the phenol within the error of the experiment. 


Cc. PRESSURE EFFECTS ON e* REACTION KINETICS 


The effect of pressure (P) on the rate of the ens 
reaction with a solvent or a solute is of particular 
interest. Any change in rate with P can be related to 
a change in volume between the reactants in their initial 


1b, 127,156 This 


state and in their transition state. 
volume change is called the activation volume (AvT), and 
is the sum of the volume changes resulting from both 
electrostriction, and physical rearrangement of the 
reactants. 

Second order rate constants were determined from 
Slopes of plots of the pseudo first order rate constant 
versus the solute concentration. From 4 to 15 concentra- 
tions of solute were used to determine a ke at each 
pressure. 


The value of avt was calculated from plots of log 


k versus P, using (7). 
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2. 303RT(log k_/k,) 
Po i oe 


avt has units of cm mole: 


R is the gas constant 
T is the temperature in degrees K 
k_ is the rate constant at pressure PS 


k, is the rate constant at pressure Py 


When T = 295K and (PL - P.) PAS" i OI OPIS > a 104 psi), then 


(7) reduces to (8). 


at ate 
AVG -28.3 (log k,/k_).- (8) 


Pulses of 2.2 MeV electrons of 1.0 us duration were 
used throughout the high pressure work. 

Some of the results presented for the solvent 
methanol are from data obtained by M. G. Robdinscnl 


They are included for completeness and for comparison 


between the solvents methanol and ethanol. 


Lie THE EFFECT OF PRESSURE ON THE oi DECOMPOSITION 
REACTION 
a. Pure neutral methanol and ethanol 


The effect of pressure on the reaction of ols with 
methanol or ethanol is illustrated by the results in 
Figure III-23 and Table III-14. 


Methanol used for this study was treated by the 
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FIGURE III-23. avt for the e. Decomposition Reaction 


in MeOH (4) or EtOH (0). 295 + 1K 
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TABLE III-14 


The Effect of Pressure on iy Decomposition in 


Methanol and Ethanol 


T = 295 + 1K 


10°° x P* psi P,kb ty, us 100 x ie =e 
Methanol, avt Ser l6<7 6+.0.'5 om? aye 
0.014 0.001 3.0 229 
0.014 0.001 Cal Doe 
6.0 0.41 2.4 2<3 
6.5 0.45 2.2, Wan | 
rss 0.93 16 4.3 
$5.0 1.03 a Ua 4.6 
19.8 1556 2 5.8 
2355 i ti08 0 62.9 
26.0 ne fe) Geo TEND 
23.9 E296 se] 8.8 
22.0 2.00 0.83 a3 
Ethanol, avt = -23.4 adhe em? mo17+ 
0.014 0-001 6.8 20 
paves 0.16 6.0 1.1, 
730 0.48 423 16 
13:8 079.5 7M | 226 
ye 8 245 cad 4.1 


28.0 1493 ae 2 5.8 


i 200 (ps2 tor P.> 1 bar. e Error may be + 5% 
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Na-NaBH , purification method. 


Values for avt Pe 3 a aid)-165 7) cn eee in 


ethanol and methanol, respectively. These may be compared 


to avt = =14+3-cm>-mol7> found for en decomposition nae 
in water. 
b. The effect of base on ayt Of oe decomposition 


The results for methanol and ethanol are given in 
Figures III-24 and III-25, respectively. The data are 
summarized in Tables III-15 and III-16. 

Solutions were made basic by addition of translucent 
KOH pellets which were free of carbonate spots. As KOH 
concentration was increased in methanol, avt became more 
negative. In ethanol, the addition of base caused avt 
to be initially less negative, then more negative again 
as the base concentration increased. The ty of ahi was 
similarly affected in this study, first decreasing, and 
then increasing as the base concentration was increased. 
This may be interpreted in terms of the amount of impurity 
present, although it is not understood how addition of 
more base could overcome the impurity introduced at low 
base concentration. The lower the contribution of re- 
action (5), the more negative avt would be. 


A value of -16 em? Gils in ethanol containing ~5 


mM NaOH has been reported.??° The more negative values 
reported here indicate that the ethanol used in this 


work was of higher purity. 
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FIGURE III-24. The Effect of [KOH] on avt of Qe, 
Decomposition in Methanol. 295 + 1K 


a, 0.021 M; m, 0.069 M; @, 0.90 M. 
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FIGURE III-25. The Effect of [KOH] on avt 
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TABLE IITI-195 


+ 157 


The Effect of Base on Ay’ in Methanol 


p= 295 +°1K 


[KoH]°, M 10> ne tyes avte, ona mole 
0 a3 =~Lo.7 + 0.5 
0.021 1.8 -17.0 
0.069 1 i! =—26.1 
0.90 Pal -19.4 


TABLE III-16 


The Effect of Base on avt in Ethanol 


T = 295 + 1K 


[KoH]?, 10> x kydas te iaiGacueacaenc ites 
0 1.0 7 ae. S 
0.001 Tr4 Ze 35 
0.005 1 -18.3 
0.013 0.9 See Oa 
0.98 0.6 Yi 


* Concentration at’ 1*bar: 


D Rate constant for eos decay at 1 bar. 


© Error may be + 1.0 cm? molt for basic solutions. 
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c. The effect of water on avt of eal decomposition in 
ethanol. 


Results are presented in Figure III-26 and Table 
III-17 for the effect on avt of adding water to ethanol. 
There was a monotonic decrease inet las the water con- 
centration increased. 

The avt obtained in pure ethanol agrees well with 
that given in Figure III-23. Within experimental error, 
there was no change in avt for up to 3.0 M H,O added. 
However, os for val was increased at all pressures and 
curvature developed at low pressure, after 0.5 M water 
was added. 

For “pure” (55.6 M) water, avt = +0.8 cm” mol™4. 
This compares well with values found by pulse radiolysis 
for diffusion controlled reactions of on’ in water with 
a variety of ee ee and may be attributed to 


reaction with impurities in the water. 


P&S THE EFFECT OF PRESSURE ON THE SCAVENGING OF o.) 


The effect of pressure on the reaction rate of 
eo with scavenging solutes (5) was determined in the 
solvents methanol and ethanol. Nine compounds were 
used as solutes in ethanol. Of these, only acid was 
not also used in methanol. 


Scavenger species were chosen to include a wide 


range of reaction rate constants. Results are reported 
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TABLE III-17 


The Effect of HO on avt of oa Decomposition in Ethanol 


T = 295 + 1K 


[H,01°, M 10°> x kes a avte, cf? wb" ~ 

0.0 a =2¢ «0 

Ov1 we =21.3 

0.2 1.0 oe A? 

1.0 0.89 PAPA 

3.0 0.61 -20.8 

5.0 0.55 -19.3 
1O..0 0.52 -13.5 
55.6 0.48 + 6.55 


3 Calculated from the volume % water added. 


= Rate constant for ome decay at 1 bar . 
© Calculated from the slope of the longest linear portion 
of the plot. 


Average value between 0 and 2 kbar. 
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roughly in the order of decreasing avt, with data from 
both solvents presented together for a particular scaven- 


ger. 


a. Naphthalene (C1 Hg) as e€. scavenger 


The results are presented in Figure III-27 A, B, C 
and D for methanol as solvent, and Figure III-28 A, B, C 
and D for ethanol as solvent. Rate constants at dif- 
ferent pressures are summarized in Table III-18. 

The ko's at 1 bar are a factor of 1.41 higher in 
both solvents than those determined in quartz cells. 
Separate stock solutions of naphthalene in methanol and 
ethanol were used. Therefore the most likely reason 


for the higher k._'s was impurity in the naphthalene 


5 
used in preparation of the stock solution. 
In spite of the scatter on the avt plot in methanol, 


it was evident that avt is positive in sign. 


5. Acetonitrile (CH,CN) as e, scavenger 


The results are presedted ain Figure ITI-29 A, B,C 
and D and in Figure III-30 A, B, C and D for the sol- 
vents methanol and ethanol, respectively. The ke's and 
avt's are compiled in Table III-19. 

Acetonitrile does not scavenge electrons at a dif- 
fusion controlled rate. Its purity must therefore be 


established to ensure that there was not appreciable 
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TABLE III-18 
The k's and avt's LOY eT. + Naphthalene 


T = 295 + 1K 


107? x Pp“, psi P,kb 10°” x me ut ae log kp 
Methanol, avt eu EL cm? mol} 
0.013 0.001 4.4 9.64 
7.2 0.50 3.9. 9.60 
15.5 1.07 4.6, 9.67 
22.15 1.55 470 9.60 
29.0 2.00 3.3 9.52 
Ethanol, avt Cae (ee ar a cm? mo! 
0.013 0.001 6.2 9.79 
7.0 0.48 4.6 9.66 
15.0 1.03 4.0 9.60 
23.0 1.58 302 9.51 
29.0 2.00 Ber 9.49 
a 


Error may be + 3%. 


D error may be + 5%. 
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TABLE III-19 


The k's and AVT's for he + Acetonitrile 


T = 295 + 1K 


oa! 


10> x P, psi Bog 100 75k ke (Mos log k, 

5h 

Methanol 1°? ayt = 4.7 + 1.3 om? mol 

0.013 0.001 8.6 7.93 
5.0 0.34 8.8 7.94 
10.0 0.69 7.5 7.88 
15.0 1.03 7.0 7.85 
22.0 1.52 5.9 ma77 
28.0 1.93 623 7.80 

Ethanol, avt =r6iset 0« 2 ewe mo las 
0.013 0.001 33.0 8.52 
7.0 0.48 23.0 8.36 
14.5 1.00 20.0 8.30 
21.5 1.48 18.2 8.26 
29.0 2.00 15.7 8.20 


@ Brror may be + 3%. 


: Ergorcmayrbe dvi form? < dekb andudwdbtefor P > 1 kb. 
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reaction of eon with an unknown impurity. The MC/B 


spectroscopic grade CH,CN used has been reported to be 


158 


of very high purity , the major impurity being water 


(0.04%). Water would not affect the results at this con- 
centration. 
The U.V. optical absorption cutoff was at ~190 nm 


for the CH,CN used. Additionwof 0.15 mole $3 CH.CHCN 


(acrylonitrile) increased the U.V. cutoff to 220 nm. The 
Maximum concentration of acrylonitrile originally pre- 


sent was therefore << 0.15 mole $%. 


9 Be teak 


In ethanol, k, for acrylonitrile is 7x 10° M~ s 


5 


(determined from only one CH.,CHCN concentration). This 


2 


is only about 20 times greater than k,. found for CH.,CN 


5 3 
in ethanol. For the observed rate to have been due to 
acrylonitrile would have required it to be 5 mole % of 
the CH3CN used. It was not. 

Other possible impurities in acetonitrile are ben- 
zene, ammonia, acetic acid, and unsaturated nitriles 7 
None were in high enough concentration to affect the 
results. | 


As noted for benzene and phenol, a value of the 


ratio k > 1 is not indicative of a fast 


5 (EtOH) / *5 (MeOH) 
scavenger. For acetonitrile the ratio at 1 bar is 3.8. 


c. Perchloric acid (HC10,) as om scavenger 


The data are given in Figure III-3l A, B, C and D. 
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Table III-20 gives a record of k, as a function of pres- 


5 
sure. 

Ethanol was the only solvent used. Considerable 
difficulty was encountered with acid adsorbing on, or 
reacting with, the metal walls of the cell. This is the 
reason for some plots having an intercept on the wrong 
axis. The samples made 5 or 10 x 10° M in HC1O, pro- 
duced very little change in ty of e. because of removal 
of the acid from solution. This removal could have 
occurred at the Pyrex glass walls of the sample bubblers 
also. 

Even higher acid concentrations could be largely 
removed from solution by cycling the pressure between 1 
bar and 2 kb several times. After each cycle, ty For 
ee was longer, indicating a lower As concentration. 

For the results presented, readings were taken only 
on the first pressure cycle. Even so, only the two or 
three highest concentrations can be used to determine 
values of Ke at different pressures. This introduces 
the possibility of a large error. However, a ke of 


Ke lee: ni ea ut a at 1 bar agrees well with previous 


results 88 obtained over a much wider concentration 


range. 


d. Nitrobenzene (CpH_NO.) as 2a) scavenger 


The data are presented in Figures III-32 A, B, C 
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TABLE III-20 


The k's and AvT's for em 


T= 295 + 1K 


100. xe, psi P, kb To” 


+ 


aaa 
Ss 


Ethanol, ANia@ot9F 1 ony poll 


0.013 0.001 

7.0 0.48 
14.0 0.96 
21.0 1.45 
28.0 aos 


& Error may be S88 
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3.65) 10 M Ss in quartz cells. 
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10.49 
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and D and III-33 A, B, C and D. The k,'s and avt are 
tabulated in Table III-21. 

The ke obtained in ethanol at 1 bar and 295K is 
the same as that found when using quartz cells at the 
same temperature. For methanol, the k. is higher by 
20% than that found whenusing quartz cells. 


e. Acetone ((CH) 2CO) as Bis scavenger 


The results are given in Figure III-34 A, B, C and 
D for methanol as solvent, and in Figure III-35 A, B, C 
and D for ethanol as solvent. Table III-22 summarizes 
the k,'s and AvT's obtained. 

Within experimental error, the k, at 1 bar and 
295K is the same as that found using quartz cells. The 
k. in methanol is 20% lower than that determined in 
quartz cells. Since more concentrations were used for 

9 1 =i 


the work in the pressure cell, ke = 450° x 10 M s 


is the preferred value. 


f. Ethyl acetate (CH,CO,C,H,) as one scavenger 

The results are shown in Figures III-36 A, B, C 
and D and in III-37 A, B, C and D. The k's’ are given 
in Table III-23. 

Ethyl acetate is not an efficient electron scaven- 


ger. The ratio of k, in ethanol to ke in methanol is 


2.4 at 295K and 1 bar. 
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The k's and AV''s for eT + Nitrobenzene 


T = 295 + 1K 


ic 4b", psi P,kb 107 
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Methanol 157, ayt = 4.7 + 1.4 cm? mol} 


U0. 013 0.001 2.6, 
4.0 0.28 Z2e3 
8.0 0.55 235 
14.0 0.96 1.9 
22.0 | ee 2.1, 
28.0 1.93 1.8, 
Ethanol, avt = Ss2 4d casmea 

0.013 0.001 RL 
7.0 0.48 1.2, 
14.5 1.00 pe 
22.0 2.52 0.95 
237.0 2.00 ~0.9 


Error may be + 3%. 


Error may be + 10%. 
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TABLE III-22 
wae k's'and lvls for e, + Acetone 


T = 295 + 1K 


10°° x P*, psi P,kb 107? oe Mos 
MetWanol>? avt = 3.1 + 1.5 cm? mot7! 

0.013 0.001 4.0 
4.0 0.28 $6 
8.0 0.55 3.0 
14.0 0.96 a3 
22.0 1.52 3.2 
28.0 1.93 2.8 

Ethanol, AV? = 4.4 + 1 cm? moi} 
0.013 0.001 4.2 
7s 0.52 cw 
15.5 1.08 3.0 
21.0 145 3.0 

29.0 2.00 ers 


@ Error May be + 3%. 
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TABLE III-23 


The k's and Avt's for e® + Ethyl Acetate 


T = 295 + 1K 


a 2 x P* psi P,kb ao? x Ke, vi Lea 
Methanol, avt =P=007 fol so com> mo1 ? 
0.013 0.001 Ze 
5.0 0.34 2.1, 
10.0 0.69 7 hi 
15.0 1.03 2.0 
22¢5 1.55 2.4, 
28.0 Boge Ee 2.6 
Ethanol, avt = 0.0 + 0.5 cm? mo1~* 
0.013 0.001 Sta 
ed 0.52 5.2 
1562 1.05 apa 
21.0 1.45 5.1 
29.4 2.01 Sao 


@ Error may be + 3%. 


> Error may be + 10%. 
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For reaction of ethyl acetate with a in water, k 


is less than 10/7 Tiger ak i 


A ut s7t for eye + phenol in water. Similarly, for 


The same authors reported 
Kime? LO 
the same alcohol, k,'s for the aay reaction with phenol 
and ethyl acetate are comparable. For both scavengers, 


Ke increases on going from water to methanol to ethanol 


as the solvent. 


qe Cadmium Chloride (CdCl.) as oo scavenger 


The results are given in Figure III-38 A, B, C and 
D and in Figure III-39 A, B, C and D. They are summarized 


in Table III-24. 
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+ ‘ é ysl 
The Cd ion is an efficient electron scavenger, 


Having Kk. = 5.2 x 101° ut s + for reaction with any in 


2 
water oh at room temperature. The value k, =~ 2x 107° 
ut as in methanol is much larger than the ke anes I 10° 
+ aa 8 


M Ss in ethanol. This is explained on page 329. 


h. Toluene (C,H,CH,) as a scavenger 


685 
The results obtained in methanol are presented 
in Piguze [il-40 A, 5, © and Dana in lavple tia-2oy 2 
ethanol, toluene not treated with Na-K alloy was used as 
well as the normally purified toluene. Results for the 
latter are given in Figure III-41 A, B, C and D. For 


the untreated toluene in ethanol, results are given in 


Figure III-42 A, B, C and D. The rate constants as 
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TABLE III-24 


The k's and Avis for e ~+Cadmium Chloride 
So 


Ti=_gq5 + 1K 


10°°|x P*, psi P,kb 107? x kee mMts* log ke 
Methanol!’ , avt = 0.0 + 0.5 cm? mo1 
0.013 0.001 19 10.28 
7.0 0.48 19 10.28 
14.0 0.96 ES 10.533 
210 1.45 18.5 10.27 
28.0 1.923 19%: 10.28 
Ethanol, avt = 0.0 + 1.0 cm? mo1? 
0.013 0.001 3.7, 9.57 
0 0.48 3.6 9.56 
14.0 0.96 3.9 9.59 
21.0 L546 3-7, 9.57 
28.0 2.93 3-7, 9557 


° Error may be + 3%. 


2 Error may be + 10%. 
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a function of pressure are included in Table III-25. 

The reaction rate found for = + untreated toluene 
in ethanol is higher at all pressures than that for the 
purified toluene. This indicates the presence of some 
impurity in the solute which was removed by reaction with 
Na-K alloy. Within experimental error, avt is the same 


for the reaction in both ethanol solutions. 


ie Benzene (CHE) as eae scavenger 


The results are given in Figure III-43 A, B, C and 
D and in Figure III-44 A, B, C and D. They are summarized 
in Table III-26. 

Values for k, at 1 bar and 295K agree well with 


5 
those found in quartz cells for both solvents. 


3c DATA SUMMARY FOR EFFECT OF PRESSURE ON om + 
SCAVENGER REACTION 
A summary of the values of ke at 1 bar, and avt 
between 1 bar and 2 kb, is given in Table III-27. The 
compounds used as scavengers of 2a0 are listed in the 


table in the same order that they appeared previously. 


D. REACTION RATE CONSTANTS (ky) FOR eel WITH GASEOUS 


SOLUTES IN WATER, METHANOL AND ETHANOL 
A novel sample preparation technique was used, 


as explained in II-C-1,b. Stock solutions, saturated 
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TABLE III-25 


The k's and Avt's for esl + Toluene 


10° x P*, psi P, kb Mor? a keaeM =: yee |\( alleg hes 
se 3 oy-l 
Methanol; AV' = -7.4 + 0.5 cm mol 
0.013 0.001 133 6.11 
TE2 0.50 1.6 6.20 
15.2 . 1.05 1.8 6.26 
2215 1255 ou! 6.32 
29.5 2.03 225 6.40 
Ethanol, AV) Shae + 0.2 em? mo17? 
0.013 0.001 6.4 6.81 
35 0.24 6.7 6.83 
7) 0.53 14 6.87 
14.0 0.96 8.0 6.90 
22.0 i252 8.5 6.93 
28.0 1.93 9.2 6.96 
Ethanol, i velee gk cm? mo17? 
(toluene used was not treated with Na-K alloy) 
0.013 0.001 Tt 6.88 
4.0 0.28 8.8 6.94 
7.8 0.54 8.8 6.94 
1445 1.00 9.2 6.96 
2210 Ve52 10.6 7203 
28.0 193 L107 7.03 


@ Error may be + 300 psi for P ? 13 psi 


af Error may be + 5% for P < 1 kb, and + 20% for P > 1 kb 
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TABLE III-26 
The k's and Avt's for e ~ + Benzene 
ln de eg Os ee 


T = 295 + 1K 


10> x P* psi P, kb 10° x a eri log k. 
Methanols 2. ayt = <—§ 48 74 b an mol 
0.013 — 0.001 ud 6.04 
7.0 0.48 y EN 6.08 
14.0 0.96 £5 6.18 
21,0 1.45 2.0 6.30 
28.0 1.93 232 6.34 
Ethanol, avt rs ayo etens male 
0.013 0.001 6.1 6.79 
7.0 0.48 6.4 6.81 
15.0 1.03 hae 6.86 
22-5 L535 8.5 6.93 
29.0 2.00 9.3 6.97 
a 


+ 
EN) 
oP 
e 


Error may be + 


: Error may be + 10%. 
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TABLE III-27 


Data Summary for Effect of Pressure on a + Scavenger Reaction,295+ 1K 


Methanol Ethanol 

eae eae Eh Sag sy ee 
ae ag Ger ag avt om? = ai isl ae avt? om? mele 
naphthalene 4.4 x 10” Ze thd: Gag |x 10° Lap, Hk 
acetonitrile B:6. x 107 Bie hei) Peso) ak 10° 6.3. + 0.2 
perchloric acid 3.4. Xx ge Seo el 
nitrobenzene 2.6, x 10° Ate 154. ls = 10° 5.2 nae! 
acetone 4.0 x 10° J+ 1.5 4.2 = 10° 4.4 * 1 
ethyl acetate Zod 107 aD 2G.) Loo) /(Soaeuk 10’ 0.0 + 0.5 
cadmium chloride 139 >x!a0e S/O OLS ' Se7e 10° O10 E84. 0 
toluene d.3° 2X 10° =7.4 40.5% 'G.4 “x 10° =Go3. +022 
toluene (untreated) 7.6 "= 10° =4.5 + 1.5 
benzene ae x 10° -8.8 +1 671° 10° =6.0 +°0.5 


- Values at 1 bar. Error limits were normally + 5%, but vary as 


indicated for individual tables. 


Average value between 1 bar and 2 kb. 


2.0 00 “ox x cnt Reh Olle = OER RER. 
ott 00 -* “ote te) lO Row Ogee eat 


i i hy 7 ot uM 
aj . : és — Wik. Sais Ae ri PAN ae wy 
’ air y bp (alt Fy nye » a 
-0es 4 ) * w nr es 2 oe = 
: i - : “ t ent" 2 As . et , 


ra 


a/% oe 
x ees ,nolttoasl rogaovast 4 +- a a eee, Ye ae 


of aan 
B) \ ite 


eet ee 


a4 8 


$.0+ £,8 Of» 2-6 Ch Bie | obs 3p ee at 


[+ Oly: x © 


a of oe 
r+ se “ore @E BETO fou ayes. | 


re ow one Ser) Bees ee 


ot td- “Ore 8) 2 a deve | reg 


an ee Meee 2p oa ee 


“ te ay 
I s 
| “ee reer oe wea es re 
Bpeaerenc i 
at rou” A tee poke ron 
. ie ; ar io | a4 iF 
»4- 7 


231. 


with the gaseous solute being used, were prepared in the 
apparatus shown in Figure II-10. The method used to 
obtain an aliquot of a stock solution is given in II-B-5,c. 

Seven compounds, which are gases under normal con- 
ditions, were used as in) scavengers in the solvents 
water, methanol, and ethanol. The gases chosen were 
nitrous oxide (N50), sulphur hexafluoride (SFo), oxygen 
(O.), carbon dioxide (CO,), 1,3 butadiene (C,HE), acetyl- 
ene (CoH,) and ethylene (C5H,)- The results are presented 
in the above order. 

The rate constants for reaction of N,O and SFE with 
solvated electrons are important because these compounds 
are frequently used as electron scavengers in competition 


41, Tel-163 sy competition kinetics, 


kinetics studies. 
rate constant ratios are obtained. To solve the ratio, 
one of the rate constants must be known absolutely. 

For the same reason, it is important to know the 
rate constants for ae + 0. and CO.- However, there is 
an additional reason in that these two compounds are the 
most common reactive gaseous impurities in solutions. 

The reactivity of ous towards the carbon-carbon 
double bond, conjugated double bonds, and triple bond 
was investigated using CoHys C,He and CoHos respectively. 

The samples of solvent were first deaerated by 


bubbling with UHP Ar, then irradiated to determine ty of 


eft in the pure solvent. Some solute stock solution was 
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then added, and the irradiation was repeated to determine 
the effect of the scavenger on th, of eyes The sample 
could be made more concentrated in scavenger by further 
addition of stock solution. Usually, only two solute 
concentrations were made before preparing fresh solvent. 
This was to limit the number of pulses to a sample. 


The rate constants tabulated were calculated from 


(9). 


ee (9) 


k,, is a pseudo-first order rate constant equal to the 


sum of k, and k,[S]. It equals 0.693/t , where ter) 


45 (T) 
is the observed ae half-life after the addition of sol- 


ute. k, and k, were previously defined. Where a rate 


4 5 
constant is referred to as key it is the rate constant 
for (5) where Sis the solute under discussion. If more 


than one solute is being discussed, k. is replaced by 


Kigete: to avoid confusion. 
(e oo 


The k's are usually the average value determined 
from three experiments. The values for ky are included 
in the tables because of slight variations from sample 
to sample, which were large enough to affect the value 
calculated for ke when ke was small. 


In order to calculate ke it was necessary to know 


the solubility of the gas in the solvent being used to 
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make a stock solution. In some cases these data were not 
available in the literature, or there was disagreement in 
the reported values. Solubilities were then determined 
by gas chromatography. In every case the Ostwald co- 
efficient (L) used is reported in the appropriate enh at 


Concentrations were calculated in the following way. 


L = V/V, (10) 
Ve is the volume of gaseous solute 
Vi, is the volume of liquid solvent. 


Both are at the same temperature and pressure. 


L Pe >a 


La) i 2 a F* 5760 one 


L is the Ostwald coefficient in litres of gas/litre of 


solution. 
P is the pressure in torr 


T is the temperature in °K. 


For the tabulated Gatatico follow, the temperature 
reported for L is the temperature at which the stock 
solution was made. The temperature given at the top of 
each table is the irradiation temperature. 

Electron pulses of 1.87 MeV energy and 0.1 us 


duration were used. 
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Ae NITROUS OXIDE (N,0) AS e, SCAVENGER 


The results are presented in Table III-28, 29 and 


30 for water, methanol and ethanol, respectively. 


The value for k, of (7.9 + 0.4)10° ut s ) obtained 
in neutral water compares well with a previous report of 
8.67 x lo’ mst, for k, at pH Te hoe Ma, Lower 

9 eer 164 


Walue of 5.6 x 10° §Mis s « was obtained. It has been 


found in this work that in basic alcohols, the ke is also 


generally lower than in the neutral solvent. 


The value of L of 0.63 obtained at 295K was used. 


This agrees well with the literature value of Greseuee 


166a,167a 


In methanol, there is excellent agreement between 


the values for k, of (6.1 + 0.4)107 Ms” at 296K, 


obtained inthis work, and (6.2 + 1.6)10° ut ane calcu- 

lated from competition kinetics using k _ fag 
sy = (ene ho) 

5,56, x 1019 M . Ss mye! A considerably higher value of 


153 x 101° ne pe LOT ke has been reporeeds. > That 


work used the pulse radiolysis method. A similarly high 
value at 298K of 1.4 x 101° mw} s } has been calculated 


from competition kinetics using k _ = 
(e. + BzCl) 


2 However, aS Baxendale points 


5.0 x 10° M 


out nae these high values are not consistent with re- 


154,170,171 


ee FLEGY 
Sou. 


sults of competition kinetic studies using acid. 
The literature value for the solubility of N50 


in methanol at 296K was about 13% lower (L = 3.25, ref. 
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TABLE III-28 


k for en + N50 in Water 


T = 296 + 1K 


Fo U0 Fo COLr 
10° 4 [N,0]°,™ ree x k as 10 ¢ x k eae 

T 4 

1.2 1.34 4.15 
1.9¢ 1.82 3.85 
Zaid 2.34 4.15 
3.5 3.50 4.15 
3.7 Et) 3.70 
5.5, 4.56 3.70 
7.4 5.78 4.95 
7.8 6.48 3.30 
8.2 6.93 3.40 
9-7, 8.35 3.30 
11.1 9.63 4.95 

Eo 7.9 + 0-4j1e we 


5 [NO] calculated using L = 0.63 at 295K. 


b Rate constants as defined for (9). 
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TABLE III-29 


k for ark + N,0 in Methanol 


T = 296 + 1K 
P 


= 700 + 5 torr 


10° x [N,0]°,M 10> x ke kae sa 104g x ks ir 100° x ke, MO 
Neutral, kp = (6.1 + 0.4)109 ms" 
1.27 2.97 2.27 5.51 
4.6 4.81 2.18 5.72 
7.2 6.42 1.94 6.22 
9.1 7.88 1.86 6.62 
13:2 9.76 2.08 6.35 
14.2 11.18 2.07 6.42 
~30 mM NaOCH,, k, = (6.3 + 0.4)109 M7 s~ 
2.4 3.25 1.73 6.33 
5.0 4.39 1.73 5.32 
9.7 7.79 1.73 6.25 
11.4 9.36 1.79 6.64 
13 10.34 1.73 7.00 
a 


[NO] calculated using L = 3.75 at 296K. 


Rate constants as defined for (9). 
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TABLE III-30 


k for oy + NO in Ethanol 


| 
ll 
N 
\o 
fo) 
ae 
he 
x 


— 


10S x [N,0]°, M Vi ak ie aks fe aes Or POR xk a 
SESS SS. SUS Se ewent Hetweens the 2.0EF 
Neutral, k,° = (7.2 + 0.4)107 Ms 
ve 2. 76 FG ty, Ree 
225 3397 1.12 7157 
4.5 4.39 144 722 
6.3 5.78 1.39 6.97 
y Pe 6.42 Lo? 6.58 
1225 10.66 dN i, 7.62 
9-1 -1 

~4.3 mM NaOC.H_., ke = 15.7 + 02S) 00. OMS 

4.9 | 0.87 4.63 
FES 4.95 0.99 5.42 
9.6 6.54 0.87 5.91 
123 9.43 : 0.99 6.86 


y [N.0] calculated using L = 3.30 at 296K. 
p Rate constants as defined for (9). 
c 


A separate series of 7 samples gave k 
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165, 166a, 167a) than the L of 3.75 reported here. This 


was also noted by Dainton et. al. rl who found the 


literature value to be 18% lower at 298K. Use of the 
lower, incorrect Ostwald coefficient, could account in 


obtained previously by 


part for the high value of ke 


pulse radiolysis. 


There is good agreement between the pulse radioly- 
sis value for k, of (7.2 + 0.4)10? m7 s-+ obtained here 


at 296K in neutral ethanol, and that calculated from com- 


petition kinetics at 298K. The calculated value is 


8 x 10? ut he ae assuming k = 4x10 


srl 44 (e, + CH,CHO) 


9 me 


Pes SULPHUR HEXAFLUORIDE (SF) AS = SCAVENGER 


The results are presented in Tables III-31, III-32 
and III-33. 

It was difficult to determine the SF¢ concentration 
in water because of the very low solubility of the gas. 
Neither the gas chromatography system used, nor fluorine 
NMR, could detect SFe in saturated aqueous solutions of 


the gas. 


When SF¢ saturated water was used as the stock 
solution, relatively large injection volumes were re- 
quired. It was therefore necessary to leave a small gas 
volume in the sample cells to avoid cell breakage during 


injection. This volume was usually less than 0.5 ml. 


There was some difference between solubility of 
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10° x [SF,1,M 10. 


4.2 


8.2 
T2. 1 
19.6 


26.5 


(A. 7 
(9.3). 
(327) 
(71) 
(30.0) 


i) 


TABLE III-31 

k for ao + SF, in Water 
T = 297 + 1K 

P= 700 (+5 tory 

x keys | (Ooaes Koa 
.88 4.53 
peor 4.53 
1.56 4.53 
231 4.53 
3.15 4.53 

[9.8(8.7) + 0.4]10° Mm 
98 5479 
1:28 3.08 
1.39 3.30 
1.95 3.79 
2.48 3.08 
vhgey | 3.30 
4.85 3.08 
3.38 3.30 
7.22 3.08 
4.62 5-90 
1 


(6.0 + 1.4)10? mw 


Ss 


—- 


10 


=o 
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wl st 


xk, M 
10.1 (9.0) 
10.0 (8.9) 
Soa (as) 
9.5 (8.4) 


20.2 (9.2) 
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Footnotes to Table III-31 


Rate constants as defined for (9). 


[SF¢] calculated using L = 6.2 x ee at 296 K 


(rel. bdS ) « 


[SF,] calculated using L = 7.0 x 10°? at 296K 


(ref. 148). 


SF, saturated ethanol (0.0265 M) used as stock 


solution. 
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TABLE III-32 


k for e.- + SF, in Methanol 


Fy 
I 


296 + 1K 


P = 700 + br cone 


10” x [sF,1°, Ma xx ns el aioe & Ries a he ttoa ex Kgs thr 
Neutral, k, = (1.3 + 0.07)10°° M> s 
1.3 3.43 1.85 1.2 
15 4.01 2.06 ee 
2.3 4.85 1091 pie 
2.9 6Ai3 2.06 14 
4.4 8.45 2.06 ee 
~30 mM NaocH,°, kz = (1.2 + 0.03)10°° m* s"* 
4 B76) 2.12 ria 
oer 4.01 1750 1.2 
a7 5.41 2.12 1.2 
a7 5.78 1.48 1.3 
4.1 7.53 2:12 13 
oat Ae 1.50 1.2 
5.4 9.00 2-12 1.3 
6.4 9.24 1.50 1.2 
7.0 10.04 1.48 2 
8.5 ITs 1.50 122 


Calculated using L = 0.535 at 294K. B Rate constants as 
defined in (9). 7 


make samples. 


SF¢ in ethanol stock solution used to 
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TABLE III-33 


k for e, + SFE in Ethanol 


10% x [SF,13 M ini? x i 8 to? PZ ennee Lorry are et 
Neutral, ko = (1.0 + 0.1)107° wt 7+ 
1.4 2.54 Py) 9.4 
yal 3.55 sy 2 
re, 4.39 1 53> tT 7 
3.5 4.41 1.14 9.3 
4.1 5.82 P99 5 Siege 
4.2 6.19 ayy: 11.9 
4.9 6.03 TAG 9.9 
7.0 7.88 1.14 FG 
m7 9.24 wI6 8.3 
~ 4.3 mM NaOC,H,, k, = (9.6 + 605)'20%" wg 
ang 2.01 0.92 8.4 
b.3 3.05 0.90 9.3 
26 3.47 0.92 9.8 
3.6 4.47 0.92 9.9 
3.8 4.65 0.92 9.8 
4.5 5.68 0.90 10.6 
6.1 Buco 0.92 9.3 
6.8 762 0.90 9.9 


2 [SF ¢] Calculated using L = 0.70 at 294K. = Rate con- 


stants as defined in (9). 
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SFe in water reported in the literature mds and that 


found by measuring the F concentration in irradiated water 


Win chahad beantastecates with cS peipal 


and Kk, have been tabulated using two different Ostwald 


coefficients. The lower L, which results in a higher k 


5 
OL (9.8 + 0.4)10? ut a is preferred because of better 


Therefore, [SFE] 


agreement with values for ke in the alcohols, found in 


10 ut gtthan methanol and 


enas* work (1.35%and*1.0°%x?10 
ethanol, respectively), and because L was measured directly 
in the former case. 

In order to overcome the problem of large injec- 
tion volumes and low solubility, an attempt was made to 
use a stock solution of SF; in ethanol to prepare the 
aqueous samples. Sulphur hexafluoride is ation more soluble 
in ethanol than in water. There was a lot of scatter in 
the values obtained for Kee and they were generally 
lower than those obtained using an aqueous stock solution. 
This was interpreted as asolubility problem since after 
injection of the SF saturated ethanol into the Ar satur- 
ated water, a gas bubble formed which did not completely 


disappear even with vigorous mixing. 


A value for k in..water, O£ 1665+) 0 .discx 


(e, + SF ¢) 
is ut Sie has been reported. / However, in this re- 
port, no correction was made for reaction with impurity 
in the neutral water. A reasonable t, for ae in triply 
distilled neutral deaerated water is 20 us. Making the 


correction,assuming this t, gives k _ = 
a4 
(e. + SF ¢) 
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245.20 s ~. This is still higher than the pre- 


9 w+ 571 reported here. 


10 ut =e 


ferred value of 9.8 x 10 


ele calculation of k from com- 


petition kinetics gives k = 2.3 4 008). x por? 


tex. + SF.) 
ap! Meactaae § ‘ eat aS 
M s assuming k a = 6.2.x 10 M s , and 
(e. + NO) “d 
s 2 
allowing for a probable 18% error in the N,0 concentra- 
47,169 


In methanol 


tion. This is considerably higher than the value 


of (1.3 + 0.07)101° mw? s+ reported here for 296K. 


A similar calculation using k = 


> 
| ee fe es 9 2.9 2 rt i 
2» x. 10, 8  gives.k . * 5.4. x 10° (Mo Ss) an 
(e, + SF 5) 
48,174 ; 3 
ethanol. This is much lower than the value of 


(1.0 + 0.1)102° ut av reported here. It should be noted 


that the values for k in methanol and ethanol 


hoe; + SF,) 
calculated from competition kinetics differ by nearly a 
factor of five. This is not consistent for a reaction 


rate which is diffusion controlled. 


re OXYGEN (0,) AS a. SCAVENGER 


The results are presented in Tables III-34 and III- 
35. Since the results tended to confirm previously pub- 


89,147,175 and) Ethane 89,147 


lished results for methanol 
as solvents, the k for oct + 0. in water was not checked. 
It would have involved similar solubility problems to 


those experienced with SF¢. Values reported for 
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TABLE III-34 


k fore 
Ss 


ky 


eS 


Neutral, k_ = 


5 
0.69 | 3.15 
gE 4.01 
2.1 3037 
2.6 6.60 


~27 mM NaOCH 


3 
0.73 3.04 
1.3, 4.41 
Led 4.68 
Zed 7.07 


Ud 


+ Oxygen in Methanol 
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296 + 1K 
7000+ £5 Stour 
= b bat -10 b - 
10 ky, ? 10 x k > M 
pieseeookoapro a a as 
1.91 1.8 
1.78 1AM 
1.91 1.9 
1.78 1.8, 
kK, = (2.0 + 0.05)10°° m> s+ 
1.58 2.0 
1.58 2a 
1.58 rE 
1.58 2.0 


[0.] calculated using L = 


0.224 at 296K. 


Rate constants as defined in (9). 
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TABLE III-35 


k for es + Oxygen in Ethanol 


T = 296 + 1K 
P= 100 4 > Core 
ee fo. 1-; M 10> x ae Fe ih iti aca a Sees I ee 
Piha Alan menos 400 33% ns 4 57 = 
Neutral, k, = (2.0 + 0.1)10°° m* s+ 
a4 4.36 1.44 21, 
2.9 6.93 1.44 1.9 
~12 mM NaOC,H,, k, = (1.5 + 0.05)10°° m+ s+ 
0.71 2.04 0.98 iS 
1.3, ea Ba 1.61 1.5, 
7a | 3.96 0.98 1.4 
R77 5213 at oF a 5 
@ Solutions made using 05 saturated methanol as the stock 
(8.5 x 107° M). 


b Rate constants as defined in (9). 
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48,49,60,176 andl1.9 x 101° ut st at pH 11. 164 


DH 7 
Solutions of oxygen saturated methanol were used 
in making samples in both methanol and ethanol. There 


was disagreement in literature values for the solubility 


of O, in methanol. The value of L varied from g.251 ee 


2 
179,180 


to 0.194 atc 298K. "The walue for L of 0.224 


obtained at 296K in this work was therefore used. 


4. CARBON DIOXIDE (CO,) AS er) SCAVENGER 


The data are presented in Tables III-36, III-37 
and III-38. 


Solubilities of CO, in water at 297K reported in the 


2 
166a,167a 167a 


literature varied from L = 0.834 to. 2. See 


Therefore, the value of L = 1.03 at 296K determined in 


this work was used in calculating the co. concentration. 


of (7.3 + 0.4)10? w+ s+ agrees 


5 
well with a previously reported value of 7.67 x 10° i 


-1 48,49 
SS) e 


The value obtained for k 


The value for L of 4.85 in methanol at 295K obtained 
and used in this work is considerably higher than the 


166a,177 34th the calibration 


literature value of 3.4. 
of the gas chromatograph and the solubility determination 
were checked, and the higher value was reproduced. 


The effect of base on the rate of the reaction of 


e. with CO, could not be measured, due to removal of 
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TABLE III-36 


k for a. + Carbon Dioxide in Water 


FH 
Il 


296 + 1K 


P = 695 + 5 torr 


5 -4 b -1 |-9 b .-1 


10° x [co,]*, M i0°>x ae ton oe @ Sah 10 x ke: 5 
k, = (7.3 + 0.4)107 mw? s? 

2235 3.19 5.8 7.8 
4.7 4.03 5.3 7.4 
6.6 4.88 5.6 6.6 
7.8 6.42 5.3 7.4, 
10.0 8.45 5.8 7.8 
1362 9.76 5.6 720 


. [co.] calculated using L = 1.03 at 296K. 


b Rate constants as defined in (9). 
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TABLE III-37 


k for e_ 

s 
ihc 
Pp = 
ee [cond M1005 > KS 
Neutral, k. = 
ce 4.05 
5.9 5.60 
Oe Ped 
Los. 8.88 
11.9 10.10 
15.6 13.59 


> 


296 


Ss 


(6.7 + 0.6)107 mw 


1.94 
1.87 
1.74 
a J) 
1.87 


1.74 


1 = 
Ss 


[co.] calculated using L = 4.85 at 295K. 


Rate constants as defined in (9). 


+ Carbon Dioxide in Methanol 


u 
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TABLE III-38 


k for eae + Carbon Dioxide in Ethanol 


T = 296 + 1K 


10 = [co, 1", NERO ee ee AO ae ea LO oe ee 

2 aducseulia kh? Wein Rie Merah BN iS, Bl Med gOS aller sen SRAM Riana 
Neutral, k, = (4.9 + 0.7)107 M> s 

pas 2.57 1.35 3.9 
5.9 4.33 1.64 4.6 
7.5 4.78 1.53 4.3 
11.9 9.24 1.64 6.4 
1327 9.03 1.53 5.5 
15.1 8.74 1.61 7 


* Solutions made using co. saturated methanol as the 


stock (0.18 M). 


Rate constants as defined in (9). 
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co. from solution by carbonate formation when base was 


added. 


5. 1,3-BUTADIENE (C,H,) AS am SCAVENGER 


The results are given in Tables III-39, 40 and 
41. 

Stock solution was 1,3-butadiene saturated water 
for use in tne solvents water, methanol and ethanol. 
This was necessary because of the very high solubility 
of the gas in methanol and ethanol. Diminishingly small 
injection volumes would have been necessary if stock 
solution in the alcohols had been used. 

Not more than 60 wl of aqueous stock solution was 
used in 6ml alcohol samples. Injection of 60 ul of 
UHP Ar bubbled water had no effect on the t, of ene in 
methanol. 

1,3-Butadiene was a relatively good scavenger of 


Sat in all three solvents. The k, was lower in the basic 


than in the neutral alcohols, but in every case it was 


SG tal Pg ie 
=~ Ore SAO eae eg 
The value for k, of (2.0°f 057) 20-0 7s in 
water was lower than the value of 8 x LOr ie .* given 
‘ : 181 
in a previous report. 
6. ACETYLENE (C,H,) AS e, SCAVENGER 


The results are given in Tables III-42, 43 and 44. 
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TABLE III-39 
k for e. + 1,3-Butadiene in Water 
T = 296 + 1K 


P = 700 + 5 torr 


16° x [C,H.1°, M uO” vx boas x aaa kt 5) aa LOW & Ae 
Neutral, k,° = (3.0 + 0.7)109 wm? s > 
and 2.00 9.0 3.5 
6.3 3.63 9.0 aes 
7 a 2.08 3.8 ay 
9.4 4.62 9.0 4.0 
14.2 3275 3.8 ee 
21.3 5.54 3.8 2.4 
28.4 ripie s: 3.8 ree 


[C,H,] calculated using L = 0.47 at 293K. 


b Rate constants as defined for (9). 


- High values for k, were obtained in impure water. The 


lower limit for k,is therefore preferred. 


5 


ay FE an permis a 


aa ae 


ch ben fi bao Re ol ns if, ’ 


gui knte indi ie 
has ant ak powed, ‘ne wees a 


Ly a 


} » 7 FOR sa 
— | ey sesbehit, ® an _ 


a ena. 


WY att We? ae 


253% 
TABLE III-40 
k for a + 1,3-Butadiene in Methanol 


¢ = 250 2 4K 


= 100 2°) COrr 


io’ x ic H.]° 4M is? s at ae 10° x a 10” x kM a 
Neutral, k, = (1.6, + 0.2)10°M s\> 
ort 2.50 1.94 1.8 
5.8 3502 2.06 1.6 
6.1 3.18 1.94 2.0 
ee 3.83 1.94 nae 
14.6 4.08 2.06 rae 
18.4 4.85 1.94 16 
~30 mM NaOCH,, kz = (1.4 + 0.1)107 mM * s* 
6.0 2.39 1.50 1.5 
ae 3.07 1.50 rhe 
1.9 4.05 1.50 he 


* Bi samples made using 1,3-butadiene saturated water 


as stock solution, L = 0.47 at 293K. 


b Rate constants as defined for (9). 
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TABLE III-41 


k for e, + 1,3-Butadiene in Ethanol 
T = 296 + 1K 
P= FOC 2 S Corr 
10>-x [CH Patio oe nas cate | oe ee pe ee we 
46 4 5 
Neutral, k, = (2.9 + onzyiig ty + g7t 
72 2uae 1.39 Lien | 
5.9 2.83 1.24 237 
6.4 3.40 eae se Hee | 
9.6 4.53 1.39 3.3 
Tk3 4.47 L.24 Pe | 
Tors 6.24 1.24 2e7 
c 9-1 -1 
~4.3 mM NaOC,H,, k, = (2.4 + 0.1)10° Ms 
5,8 27 0.92 oe2 
11.6 3.75 0.92 2.4 
17.5 5.21 0.92 2.5 


a 


stock solution. L = 


b 


0.47 at 293K. 


Rate constants as defined for (9). 
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All samples made using 1,3-butadiene saturated water as 
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TABLE III-42 


k for es + Acetylene® in water 


T = 297 + 1K 
P= 100 +=5 tore 
[c,H,1°,M Lbs: acs ait 7 eerie Es ons Gece ess Maniac 
Pe ee x eee 
0.037 2.95 6.2 6.3 
0.037 3.00 4.5 6.9 


Mass spectrometry indicated 0.04 to 0.073% 07 in the 
acetylene. 0, + a, could account for all the dif- 
ference between kn and k, (k se ae uo ut 


ken + 0,) 
oes 2 0. were 0.04% of the gas in solution. 


[C,H,] calculated using L = 0.97 at 295K. 


Rate constants as defined for Co). 
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TABLE III-43 


k for eu + Acetylene* in Methanol 


Ti 9297 1K 


Pe] 7004-5 - torr 


b = = e =) oa 
[C,H ] sey 10 : D4 a s 1 10 : x Ka s : 10 . x ke» Mf : s : 
Neutral, k,* <3.4x 10° w+ st 
0.0052 ee et. 1.93 5.2 
0.016 2.43 E93 3.2 
0.029 2.982 £99 ak 
0.50 12.8 Zeek 2 i 
~27 mM NaOCH3, kg” Se Za i ig® Mit z+ 
0.0052 1.40 Poo 239 
O77) Le LO 1.59 3 he 
0.015 1.90 gS 2.3 
O¢021 2.04(1.93)4% L359 7AM (8 BAS =D | 
0.031 eva le, ca) 1.59 1.9 (1.65) 
0.50 PS. 4 1.44 2.8 
@ Mass spectrometry indicated 0.04 to 0.07% 05 in the 
acetylene. 05 + ein could account for all the differ- 
1 ae 
ence between k,, and k, (kK _ sela8ixeio Games 
(e, + 0.) 
s +) iT 05 were 0.04% of the gas in solution. 
P [C,H,] calculated using L = 13.1 at 295K. 
© Rate constants as defined for (9). 
d 


Results in brackets are after 3 pulses, indicating 


probable partial removal of oxygen. 
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TABLE III-44 


KCfoxr ewa + Acetylene® in Ethanol 
ea cs ee cea ar eel eee eee ee Le | 


T = 297 + 1K 
P 


Pap fd ee whee oe fees peer lols eRe ee ie 
al Bay LE ci Sieg he el 
Neutral, Kee <5 10° ut =t 
0.005 1.50 118 7.0 
0.010 1297 Tis .2 
Soar 13.9 1.27 4.6 
0.29 17.2 1.34 55 
~12 mM Na0C,H,, kee 4£209 xm2oe ut oa 

0.0024 1.40 1.00 1:7 
0.0072 1,76 1.00 eal 
0.011 hes 0.92 55 
0.0145 1.52 0.98 5277 
0.021 3 -OSileb5ice bk. Oaoe 4:18.86) 
0.031 1s9Sti- 77) 0.92 4.36227) 


@ Mass spectrometry indicated 0.04 to 0.07% 0, in the 
acetylene. 0, + a could account for all the differ- 
ence between k, and k, (k _ = 18 x0 | ut 

; (e. s 0.) 
s+) if 0. were 0.04% of the gas in solution. 
. [C,H.] calculated using L = 7.6 at 295K. 
© Rate constants as defined for (9). 


Results in brackets are after 3 pulses, indicating prob- 


able partial removal of oxygen. 
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More than eighty samples were used in this study. 
A Major problem was removal of electron scavenging im- 
purities, such as acetone and oxygen, from the acetylene. 
Acetone was removed by running the gas from the storage 
cylinder through first a cold trap (210K), then two 
flasks of triply distilled water. Oxygen could not be 
removed using Oxysorb "G" due to reaction of CoH, with 
the column packing material. 

Analysis of the acetylene by mass spectrometry 
indicated that it contained from 0.04 to 0.07% O,- 


Assuming the lower value of 0, impurity was also contained 


Z. 
in a stock solution, it was calculated that all of the 
observed decrease in ty of ex) could be due to the re- 
action of e. with O.. 
s 2 

Tabulated values for ke are those determined from 
the observed decrease in ty for en) in solutions contain- 
ing the indicated amount of CoH. No correction for 05 


was applied because the actual 0. concentration ina 


stock solution was not known. 


De ETHENE (C,H,) AS ona SCAVENGER 


The results are given for water, methanol and 
ethanol in Table III-45. 

Saturated solutions were used in each case. As 
for ©. the rate constants fer ens + CoH were all 
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TABLE III-45 


k for oer + Ethene 


T= 297 + 1K 


P = 700 + 5 torr 


2 ra ks Z Ss - ~ ee 
10° x [C,H,]*,M LO) mikes Veep el Ar es ra 


Neutral Ethanol 


9.6.8 3.08 e337 tad 


~ii2: Tab Na0C 4H. in Ethanol 


9.8 3.08 0.95 2.2 


Neutral Methanol 


9.2 2. 88 2.41 0.5 


~27 mM NaOCH, in Methanol 


92 2.63 1.50 ye. 


Neutral Water 


0.38 0.92 0.69 6.1 


ie [C,H,] calculated using L = 2.59 at 296 for EtOH, 


L = 2.43 at 296 for MeOH and L = 0.1 at 296 for H,0. 


b Rate constant as defined for (9). 
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5 4 ae 


water, and the smallest being 5 x 10° M~ s ~~ in neutral 
methanol. | 
The problem of possible impurity of the order of 
a few HWM in the bubbled sample makes the reported k's 
upper limit values. 
Ethene was previously reported to be "unreactive" 
181 


with eu, in water, but no value for ke was quoted 


because of impurity problems. 


Be THE EFFECT OF DOSE ON ee 

The effect of pulse dose on the ty for neutral and 
basic methanol and ethanol is given in Figures III-45 
and III-46. 

Larger pues doses result in shorter ty for pal 
due to the creationofa higher concentration of scaveng- 
ing impurity. This impurity can largely be removed be- 
fore reacting with PLS by adding base. 

Extrapolation of the plots to zero dose gives 
minimum half lives of 5.3 us and 8.7 us for methanol and 
ethanol, respectively, at 295K. 

The ethanol used was untreated U.S.I. alcohol. The 
methanol was from Monsanto, and had been treated by the 
Na-NaBH, purification method. 

Baxendale and Wardman oe report t, for ou org 


and 9 us in ~1 mM NaOR solutions of methanol and ethanol, 


respectively, at 293K. In their work, 5 - 10 ns pulses 
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of 12 MeV electrons were used, giving a sample dose of 1 - 


2 Krads (6 - 12 x 10+6 eV) per pulse. 
In this work, doses in water of 4- 5 x 107° eV 
m1 1 were obtained for each ncoul of charge collected from 
the SEM. 
F. DOSIMETRY 


The relative dose in each electron pulse was deter- 
mined from the current caused by passage of the pulse 
through the thin metal foils of a secondary emission 
monitor (SEM) (Figure II-11l). The SEM was regularly 
calibrated to the dose absorbed by a sample using in 
situ actinometry. 


The standard actinometer in radiation chemistry has 


3 


been the Fe!*/ret aqueous system, referred to as the 


Fricke dosimeter. In this system, the values of Cire. j= 


15.5 and Ey = 2110 ut cm? at 292K are well known. 182 
; max 
However, use of the Fricke dosimeter routinely was in- 


3 


. ; + 
convenient for two reasons. First, Fe has a ho 


ax 
of 304 nm. Monitoring this wavelength required several 
changes to the optical system, such as removal of the 
Perspex filter from the lamp housing, use of a U.V. mono- 
chromator grating, and installation of a photomultiplier 
detector and its amplifier. Second, and most important, 
the dosimeter response was very slow (~3 s). Fluctua- 


3 


tion in the analyzing light, or diffusion of Fe. from 
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the analyzed volume (Figure III-12) during this time, 

would limit the accuracy of a dose measurement. 
Rigieeeynometer chosen for routine use was aqueous, 

05 saturated KSCN solution, in which the absorbing species 


was (SCN), . 


OH + SCN ——» SCN + OH (13) 
SCN + SCN) ——> (SCN) .- (14) 


The KSCN dosimeter was ideal in that the response occurred 
within the pulse, the absorption was in the visible 
region, and there was no appreciable decay in A during a 
Measurement. 

The A obtained following irradiation of actinometer 
solution depends upon the product of the concentration of 
the absorbing species and its €. The concentration 
of (SCN) .~ is relative to G(OH) in aqueous solution, as 


shown by (13) and (14). Therefore, A is relative to 


G(OH). E (scn) - (units are (radicals/100 eV M cm)). 
2 
Although this dosimeter was being used in several 
laboratories e768 O13" some confusion existed in the 


literature over the value of e - Early reports by 
max 


Adams et. al. 137,183 inaicated that Anax WaS 480 nm and 


&€ was 7100 mt eoetey FOO hm.” The € was determined 


relative ay | = 1.0 x 10° ut cm + for ferricyanide 
max 
in aqueous solution. 3 However, it was pointed out that 


this was consistent with a value for G(OH) of 2.9, 137/185 
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The value of 7100 M+ om? for Coop was later 
quoted by Baxendale et. al. ee as being for fo - These 
max 
= = 
authors found A, = 475 nm, and e, = 7600 M T om ’ 


max 


186 Their measurement of G(OH) .é 


assuming G(OH) = 2.8. 
(SCN). was relative to the Fricke dosimeter. 


Another report gave a G (OH) .€, (SCN). of 


max 
285ix:1ot*in 1077 xscn.+82 assuming G(OH) to be 
2.9 tae this gives Ey = 7400 ut om. 
max 


To establish which G(OH) .€, (SCN). should be 
max 


used, the KSCN dosimeter was compared with the Fricke 
dosimeter. The results are given in Table III-46. Ab- 
sorbances relative to the same SEM dose were found in 


irradiated aqueous KSCN/O, solution and in aqueous 5, 10 


2 solution. Values of G (OH) .€, (SCN). 


max 
12) sc gee Sg 


and 50 mM Fe” 


were then calculated using (15), where G(Fe 
z tt 


Eon, = 2110 M cm at 292K for the Fricke dosimeter. 
+3 +3 = 
: G(Fe ~) ye he yA ace (SCN) 5 
G(OH). €, (SCN), = +3 
max Anax (Fe ) 
(15) 


Using the average value for G(OH) .€) Peels of 
eur < 104 and assuming G(OH) to be 2.9, Yaa = of 
7600 ut cm + is obtained for E, (SCN), . These values 
were used in all subsequent Eee REN 


= : ad Aes tbe Soe ay Wins (0h ; 
2as ' f ' ry re fe “hee 
5 } ‘7 4 ry 4 -1,% 
; 4 a ey | a POLS 


tetel ce ata 
92o0cT . kn pated an, *% rey fa 
ra "iy ene : 9 aie ai BP 
4%. (HO)D Yo jnousives cca Saal wen es 
-xojombeob odolzt sit at oviselox a 
te Hot nae i a | > Ay i 
ad oF (HOYO “ihe RD: ee OMe Som, at." hee: 

ie eo "i. Oot = me ata wea 


od Binpise am se oo okie pases 
odoin t rid . cit iw bouggnos 2sw ‘xetemiaob 

-d& Oh Te side. ah ewe ox rote at 
rk siti pehispe ss geen ie F 
On 42 suena: Spat trang 


\ 


Rett 2. ag = ‘ 
rons oe i ae eee 
* : ere ice ape, Mah eas : i Gin | 
: aii of ) | ary) ‘ ' rey en 
ME) inl wg Bt een Bee ee 
P ceay a ‘wh ah ing ay me Th tii 
Re “<abet. ual” (BO}9 +02 outa aneieiaie e pain a 
| “ie. sutay #85 a of (Oh® malin tae, °OE 08S - | 
eotiievmeott 0 gia ae ee Sm 4 “Mopar 
Di sVisemivgb SES TT: ak bes at | 


a ; sy cr - s sed eat a. ane shah 


= al : . : ~ : yi Be. 
_ oe ; ’ 5 / > 
| ‘ d a7 , 4 | 
: : ; ‘ e ; =) Pee i : me 


° 
No} 
Oo 
N 


(°° *panutjuos) 


4 
5. (NOS) 


Nara 
Geac 
OT’? 
oi Wes 
vO°? 
Get 
02°? 
Cee’ 
as C 
oa are 
Ca ¢ 
Gee? 
OV ce 
£6°T 
Des Ae 
a a 
Cac 
Ca ol 


xeu 


VoL 


OS-S1 


geo 


JS. ¢ 


eS 


OSs T 


‘3 (Ho)9 * OT ( ©(wos))*” 


4 qd 


“Vv x 20r (> 29) 


¢ cr 


ta i 
SO"? 
VEG 
Ofc 
Ov°? 
Eaaxc 
G05¢ 
GO < 
eT 
ae C 
Tore 
SS 
68°T 
ft @ 
00°2 
PES 
STARA 
OLS 


x 


MI + 262 ‘AeZeUTSOG 


—_———— 


64°4/, 24 2y7 OF 


xe 


SATRETOYN © (nos) 


97-III FIqvs 


wW 
\2° (HO)9 


Of 


Ot 


—— 
eu c 
VX ,0T 4a8ueT esqng 


0S 


OT 


: 


rcourTuaeg™**} 


eu 2 7 = 
Yr es om eS 
. * . 4 . 

mw De 


"I 


5°38 
$b 
5290 


i 


i a 
@ 
i 
wet 
~<A 4 
4 a ! 
red [ 


- ae vi lid 


267. 


TABLE III-46 continued 


Average G(OH).€, (SCN) .~ = 2.20 + 0.14 x 104 


max 


2 Beg per unit SEM dose at A = 304 nn. 


Dex per unit SEM dose at \ = 478 nm in 5 mM KSCN 


solution. 


© Calculated using (15). Units are (radicals 2/100 eV 


mol cm). 
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The value for d ax was checked and the effect of 
temperature change on i and A was determined. Re- 
"max max 


sults are given in Figure III-47. A ae of 478 + 4 nm 


was found,in good agreement with previous qaluess 72 °+38 


183 


Both A and A were independent of temperature 
m max 


ax 
between 295 and 332K. 
As is evident in Figure III-48, G (OH) -€, (SCN). 
max 
is nearly independent of concentration between 1073 


and Lon M KSCN. This was also found by Adams et. al. 


se 
Solutions of either 2.0 or 5.0 mM KSCN were used for 
dosimetry purposes. 


Above about 107° 


M KSCN, there is a gradual rise in 
the relative A up to about 1M KSCN. This was inter- 
preted as due to an increase in scavenging of OH in the 
spurs. The decrease in relative A at KSCN concentra- 
tions above 1.0 M is not understood. It was not due to 
contamination of the solutions, because the lower con- 


centrations were made by dilution of the more concentrated 


ones. 
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A. SOLVATED ELECTRON OPTICAL ABSORPTION SPECTRA 
ibe GENERAL 


The solvated electron optical absorption spectrum 


in dilute solutions of alkali metals in liquid ammonia 


has been known for many years. 18? Over the past twelve 


years, the pulse radiolysis method has been used to gen- 
erate solvated electrons in a wide variety of solvents. 


The absorption spectrum has been determined in the liquids 


63,188 30-32,64,65 Cr oe 
s ’ Li 


water alcohols ethers amines 


190), 194 E93-196 
a 


ammonia te and others. Representative 


data are shown in Table IV-l. There are similarities in 
all the observed spectra, the two most apparent being 
the lack of any resolvable structure, and the broadness 
of the band. It has been shown that the spectrum is in- 


dependent of the method used to generate = in several 


eeivental 


There are also dissimilar properties. The energy 
of the absorption maximum (ue) varies from about 1.7 eV 
in water and many alcohols to about 0.5 eV in several 


ethers. There is,however, a marked grouping of the 
2 
eal values, depending on the type of compound. 2 The 


value of wW, varies from 51% of BGs in water to 96% of 
a2 


E in ethylenediamine. It has been said that Wy is 


max 
po Be 
ax” 


approximately equal to 60% of the En The more 
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extensive data now available indicate that this is not 


true in many solvents. 


Bie THE EFFECTS OF TEMPERATURE AND PRESSURE ON Ee die 


Pi 


Jortner has said that the location of the 


maximum in the optical absorption of the electron is not 
very enlightening from the theoretical point of view. 
Nevertheless, most attempts to correlate data from 


different solvents with physical properties of the sol- 


64-66,72,189,197 


vent have used En The determination 


ax” 


of what solvent properties affect the spectrum, and how 
they do so, will be of benefit to future theoretical 


developments. 


One of the first correlations was of ee to the 


dielectric constant (€). It was shown that for the Cy 


to C. alcohols and ethylene glycol, FE nax for the spect- 


3 
rum at room temperature varied linearly with see This 


relation fails for higher normal and branched alcohols Oe a 
as well as for water, liquid ammonia oe and many other 
solvents. It also fails for methanol and ethanol when 
€¢ is changed in different ways." 

Using the extreme temperature and pressure values 
from Tables III-1l and III-5, respectively, the ratio 
(16) has a value of 3.7 in ethanol and 4.0 in methanol. 
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This means that Bae increases more rapidly when ¢ is 
increased by the application of pressure (constant T) 
than when € is increased by lowering the temperature 
(constant P). The same is true in water, but the dif- 
ference between the pressure and temperature effects is 


65,118 


not as apparent. Since the relation between En 


ax 
and € is not linear for either pressure or temperature 
variation, the values obtained from (16) may vary de- 
pending on where the comparison is made. However, they 
are always greater than 1.0, which would be the result 
if ax depended only on eé. 

Another physical property of the solvents which is 
affected by both pressure and temperature change is the 
density (9). There is not a direct correlation of ee 


.to p either. 


SO oe ee (17) 


Ap Ap Pp 


i 
Again using the extreme values from Tables III-1 and III- 
iorene- ratzo (17). has values of 0.43 for ethanol and 0.65 
for methanol. This shows that changing p by the appli- 


cation of pressure has less effect on En than changing 


ax 
© by lowering the temperature. This is the opposite to 
the effect on 2 of changing € in the different ways, 


and suggests that the product of e.p might better cor- 


relate to E ee This is shown in Figure IV-l. There 
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FIGURE IV-l. Plot of Ra Vs €.0 for ethanol( 4,6), 
methanol (4,0) and water. Triangles are for 
temperature variation, circles are for pressure 

variation. A, ref. 67; O, ref. 115 for methanol 
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is still a fair amount of scatter in data from the 
alcohols, but the correlation is much improved over 
using either € or p alone. For data from water 

(AE ax/E-P) rh (AE ax’ 9) p = 1.0 over the indicated 
range “OF "ep." Thts "is not'*meant "to imply “that “*no*other 
properties affect ihe in water. 

No theoretical significance is given to the 
quantity €.9. However, one may conclude that solvated 
electron excitation energies in hydroxylic solvents are 
determined as much by density, or by some other property 
of the media that correlates with the density, as by 
the dielectric constant. 

The di FPetence between the temperature and pres- 


sure effects on En as indicated by (17) may be at 


ax 
least partly rationalized in terms of a simple physical 
picture. The electron is surrounded by dipoles, and 

the potential energy (E) is some function of the distance 
(r) between the electron and the dipoles, say es TF 

r is decreased by increasing the pressure, then E in- 


1/3 ae 


creases. The value of r is proportional to p- 
E is proportional to pen Decreasing the temperature 
also decreases r, but at the same time the thermal 
agitation of the dipoles decreases. The dipoles are 


then able to line upmore in the electric field of the 


electron, which further increases E. This amounts to 
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an increase in the "local" dielectric constant of the 


dipoles in the first solvation shell. Copeland, Kestner 


102 


and Jortner conclude that a major portion of dE /atT 


ax 


is due to this temperature effect. Since both tempera— 
ture effects increase E, the effect of T should be greater 
than that of P for the same change in p. This was con- 
firmed by observation. 


Recent correlations of En to solvent properties 


ax 
have recognized the necessity of including the effect 


of the structure of the solvent 197 


72,189 Freeman 726 has illustrated the importance 


and solvent mole- 
cules. 
of solvent structure through the use of the Kirkwood 


199,200 his factor indicates 


correlation factor (g).)- 
the extent to which molecules align themselves with 
their neighbors to create short-range order. The im- 
portance of molecular structure was expressed by On! 
which is the polarizability of the polar group in the 
solvent molecule. It was found that if the total 
molecular polarizability (a) was used, correlation 
among the alcohols and amines was destroyed. This 
indicates that the electron is mainly associated with 
the polar ends of the molecules and that the most 
important interactions have relatively short ranges. 
When sb was plotted versus E+ P-Ty eds a smooth 


curve could be drawn through the values for a wide 


variety of solvents at many different temperatures and 


sts. 
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pressures. The curve approached a plateau near the 
highest plotted value of Bas of 2.3 eV. It was there- 
fore speculated that an upper limit for E nax in liquids 
Might be about 2.5 eV. It would be interesting to see 
if a theoretical treatment could lead to the same re- 
sult. 

The importance of molecular structure was again 
emphasized by the spectra obtained in 25 different 
189 


1 to Cia normal alcohols 


were remarkably similar. However, for alcohols with 


alcohols. Spectra in the C 
branched alkyl groups, the spectrum was very dependent 
on the size and position of the branch with respect 

to the OH group. This may reflect a steric hindrance 
towards the formation of cavities suitable for elect- 
ron localization. The fact that in ay and Wy are 
nearly independent of carbon number in normal alcohols 
shows that the electron interacts mainly with the OH 
group in these solvents. This was recognized by the 
use of a, in the previous correlation. 

The effects of pressure on the a spectra in 
methanol and ethanol have been treated by application 
of the semicontinuum fodet The only experimental 
data avilable were B ax! and in methanol, these were 
at least 0.1 eV low. The best fit was achieved by 
assuming four solvent dipoles (N=4) surround the 


cavity containing most of the electron charge. The 
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calculated values for En were quite a bit low for N=6. 


ax 
Values for AE ax’ AP. of 0.10 and 0.057 eV/kb were per- 
dicted for ethanol and methanol, respectively, between 

0 and 2 kb. These may be compared to the experimental 
values of 0.075 eV/kb for ethanol and 0.15 eV/kb for 
methanol. The model calculation could only fit the 

data by emphasizing short range interactions, which is 
consistent with the empirical evidence. 

Future models, or improvements to existing ones, 
must have still less reliance on long range interactions. 
Also, allowance must be made for solvent structure, the 
importance of which has been demonstrated by its effect 
on En ° 


ax 


Bs THE EFFECTS OF TEMPERATURE AND PRESSURE ON W 


ky 
The ae of the on spectrum in methanol and ethanol 
is not greatly affected by temperature changes. The 
data in Table III-1l indicate a broadening of about 0.2 
eV in the spectrum in ethanol as the temperature is 
raised from 155 to 343K. Results for methanol and ~mM 
basic ethanol (Table III-2) are incomplete, but the 
trend appears to be similar. Within experimental un- 
certainty, there is no effect of KOH concentration on 
the shape of the spectrum in ethanol up to 0.1 M KOH. 


However, as shown in Table III-4, the W, is smaller in 
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1 M KOH solution, probably due to the influence of water 
introduced with the KOH. The W, of the euy spectrum in 
2 


binary solutions of ethanol and water has been shown to 


be strongly influenced by water .°/ 


As indicated in Table III-5, the Wy in methanol 
and ethanol is increased by the application of high 
hydrostatic pressures, the increase amounting to about 
0.1 eV/kb in both solvents. The broadening is much 
greater in proportion to the effect on p and ¢€ than 


waS apparent in the temperature study. The same is true 


175,118 
a 


in water where pressure broadens the band by 


118 


about 28% between 1 bar and 6.3 kb. There 2S little 


or no effect on W, in water over a wide range of tem- 
2 


perature. °? 


4. THE EFFECT OF TEMPERATURE ON Gey €) IN NEUTRAL 
max 


AND BASIC ALCOHOL 


Values of Ges Ey measured at different tempera- 
m , 


ax 
tures are given in Figure III-5 and Table III-3° for 


neutral and~mM basic ethanol. Here, Gey refers to 


solvated electron free ions. In neutral alcohol, 


G is independent of temperature, but it in- 


£4 ©) 
max 
creases gradually in the basic solution. The same be- 


havior has been observed in SG The value, for 


Gp,°E, is higher at all temperatures in the basic 
max 
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alcohols due to a larger Ga ¥ 
7 


Free ion yields under different conditions have been 


43,44,92,202 


estimated from earlier studies with the aid 


44,202 Reveatue Of Ts/ Lor Gey in 


43,44,92,93,124,203 


of model calculations. 
neutral ethanol was used at 295 Sg oie: 


Values for € are given in Table IV-2. Extrapolation 


max 
of Ges E) to higher temperatures was made when neces- 
max 


sary. Results for methanol BS are included in the table 


for comparison purposes. AG 
92, 203-205 


fi Of).2-0)-ate235 BE 2K was 
used. 


In basicsolution, the G was enhanced by the 


fe 
scavenging of radiolytic cations in the spurs. The 
square brackets in (18) indicate that the species are 
within a spur. 

+ - + = 


7 +e + 
[H. + eg + K + RO, ] —-~ [ROH e, Ke J 


(18) 
where RO is either HO or an alkoxide ion. There is no 
reaction between oat and a so (18) is followed by 


Cio.) 


[K +e j) ———~>kK + oe (free ions) (19) 


The average increase in the free ion yield in ~mM basic 
solution was 0.3 G units, as estimated by comparison with 


nitrous Oxide scavenger studies in the manner described 
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TABLE IV-2 
The Estimation of en in Ethanol and Methanol 65 
max 
-3 a 3 -l 
TK 10 ~.G,; E) Gey 10°.€, Mee 
max max 

Ethanol, neutral 

161 15 3 

298 mS 1 BSy/ 

363 5 1.6 9.4 
Ethanol, ~mMKOH 

161 20 220 10.0 

298 20 2e0"s 10.0 

363 ai 2.2 5 

418 oop) 2.3 6 
Methanol, neutral 

176 19 1.9 10.0 

298 19 250 ORD 

423 19 19 10.0 
Methanol, ~ mMKOH 

176 23 7 agra 10.5 

298 23 Zee 10.5 

423 2 PAP 2} 10.9 


* 4}, =1 
Units are (e. /100 eV M a cm). 
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in reference 65. 


Within experimental uncertainty, the value of Ex 
is independent of both temperature and ~mM KOH in ape ere 
alcohols. In- ethanol ee = (Onder 0.4)10° ut omens 
which is considerably rare than the previous estimate 
Of E5ux 10° ut en tne" There is no disagreement about 
the value of cot ee The difference arises from the 


values of Gr: To obtain the higher é 


45,64,95,174,206,207 


mare _riofi iO was 
1a 8 
max 


used. This low value could easily 


arise from use of alcohol which contained an electron 


scavenging impurity. The value of é. = (10.2 + 0.4) 
g 4 5 oo; max 
10° M cm in methanol is lower than the previous 


estimate of 17 x 10° w+ eat for the same reason as 

cited above. An indirect estimate of EG in the 
max 

alcohols can be made from knowledge of the oscillator 


strength (f), as will be discussed. 


53 THE EFFECTS OF PRESSURE ON A ee 


There is a difference in magnitude between the 
effect of pressure on Fe in the alcohols and water. 
In both methanol and ethanol, increasing the pressure 
causes a ass to decrease substantially. In water, the 

: : AS 6G LL8 
> r ; a 
decrease in Es eee is much less I Gey an 


ey are not affected by pressure,the observed A_ 


max 
should in fact increase due to the increase in absorbed 


ax 


dose with increased solvent density. Since this did not 
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occur in water, either Gey or Ey , OY some combination 
max 
of these, must vary approximately as 1/p. Steady state 


radiolysis results indicate G 


£2 
in water oe so Hentz et.al. interpreted the constancy 


is unaffected by pressure 


of Uied as being due to a decrease é An increase in 


max 
LES compensates for the lower é rh resulting in little 
or no change in the Reem ecoeeee onsen: 

In the alcohols, A ase decreases much more rapidly 
than it does in water for the same increase in pressure. 
As shown in Figure III-13, dA ax/ oP = -25% per kb in 
methanol. Steady state results indicate that Gey is un- 
affected, or even increases slightly, with increasing 


ra and Benanoieeee By analogy to 


pressure in methanol 
the conclusions of Hentz, since ae o SeicEy 4! 2 25% per 
kb decrease in é, would explain the observed behavior. 
However, there oot at Ae ned possibility which cannot be 
ignored. There may also be a redistribution of the 
energy states of e. If pressure causes a relative in- 
crease in the population of states which give rise to 
absorption on the wings of the absorption curve, then 

the observed increase in Wy can be explained. If this 
increase occurs at the expense of states represented by 

E , then both the pressure independence of Ge and 


max 
dA /aP can be rationalized. 
max 
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6. THE OSCILLATOR STRENGTH f OF THE ed OPTICAL 


ABSORPTION 
The oscillator strength f is defined as the ratio 


of the observed integrated absorption coefficient € to 


the total value predicted by theory (Ree 


1 i 
f= a} -dv (20) 
=| N 


9 


The value of as hou Wee BH M cn’, and the; integral is 


A 
the area under the absorption curve when it is plotted 


as € versus wavenumber Sa he The area has units of eae 
om’ 2, so that £f is unitless. A correction for the re- 


fractive index ye) of the medium should also be applied, 


as shown in (21) .°” 
net, Sn, : 
faa 32 400 ee ae 0 (21) 
2 
(n ae 2) 


Reported oscillator strengths for oan vary depending on 
the value used for é, and whether or not the refrac- 


65 


tive index correction was applied. Usually a large 


extrapolation of the absorption band is necessary to 


determine the integral. 


a. The Relative £ for on in Various Solvents 


The £ 1s directly proportional to fav, and 
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the integral can be approximated as shown in (22). 


[ess ~ Wy. Ey (22) 
max 
This relation has been used to obtain the relative value 
for £f in a variety of solvents. The results are com- 
piled in Table IV-3. Excluding values for the alcohols 
and hexamethylphosphoric triamide (HMPA), the average 


product of We. Ey PSs oe ayo” ut en ey This 
m 


indicates that f lobe dneskan1y constant considering the 
variety of workers, solvents and methods used to obtain 
the results. 

Two values are given for each of the alcohols, 
the difference in them being entirely due to a difference 


in the value of G used. Using the average W, reported 
; 2 


= 
for eachtalcohol, and 139 x 10° m+ cm? for Wi- @y Z 
=> 2 


sya heats max 
give values of € of 13.3 x 10° M~ cm for methanol 


ang jil.7 x ion wt cmt for ethanol. Values for Gey can 
then be calculated from known valuesof G,,. é, - The 
results predict a Gey ef 1.5 1m methanol and ee in 
ethanol. These values are intermediate to the ones 
most often reported in the literature, so do not provide 
a basis for a choice of either the higher or the lower 


values. It does indicate that additional work is nec- 


essary to resolve the discrepancy. 
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In HMPA values for both W, and ON are uncer- 
2 
max 
tain, so a comparison with the relative f obtained in 


other solvents would not be meaningful. 


b. The Effects of Temperature and Pressure on WE, 
e “max 
in Methanol and Ethanol. 


Theoretical calculations predict a small decrease 


in the free ion yield with increasing temperature. 792204 


Experimental results show very little change in solvated 


electron yields over the range of temperature being con- 


63,209 204 202 
Ud 


sidered in water methanol and ethanol. 


Therefore, in view of the fact that the value of 
Brine is constant with temperature in the neutral 
liquids, (references 63, 65 and Figure III-5) ey 
either increases slightly or remains the same as eRe 
temperature increases. This is shown by the values 
listed in Table IV-4. In the alcohols, there is also 


an increase in the value of W, as the temperature is 
2 


raised. The product Wench e therefore increases with 
: max 


temperature. 

The effect of pressure on the value of Wy. E 
is greater in the alcohols than is the effect of eas 
perature, for similar changes in the physical properties 


of the bulk solvent. In water, the apparent decrease in 


é, is compensated for by an increased half-width as 
max 
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363 


269 


298 


343 


The Effect of T on W, -Ey 
<a 


0.855 


0.855 


0.855 


-W,, cm 


10. 


11. 


LZ. 


-87 


max 


Methanol 


Ethanol 


Water 


TABLE IV-4 


in Alcohols and Water 


-1 -3 
LORS E, 
ma 


65 


x 


18.2 


18.4 


19.1 


: Extrapolated from reported values where necessary. 
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the hydrostatic pressure is increased. As a result, the 
oscillator strength seems to be independent of pressure 
in water, as shown by the data in Table IV-5. 

In methanol and ethanol, the large decrease in 
the value of meee with increasing pressure is due to 


x 


a rapid drop in € Although the W, increases at the 
“5 


max 
same time, it is not enough to compensate. Application 
of the semicontinuum model to the solvated electron 

spectrum predicted a decrease in the oscillator strength 


with increasing pressure. 791 


However, the predicted de- 
crease of about 2% per kb is much less than the observed 


drop of about 20% per kb. 


ve THE EFFECT OF ADDED WATER ON THE eum OPTICAL 


ABSORPTION SPECTRUM IN ETHANOL 


The values of Bax for the en absorption spectrum 

is nearly the same in ethanol (1.8 eV) and water (1.73 
ev) at 298K. Within experimental error, FE nax does not 
change in different mixtures of these two solvents. °’ 
However, the value of ny decreases rapidly towards the 
value in pure water as the water content of the mixture 
increases. This is accompanied by an increase in the 
maximum absorbance, as shown in Figure III-15. The 


increase is initially rapid,then more gradual,as the 


water content of the mixture is increased. Above about 
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The Effect of P on MEQ 


TABLE IV-5 


ax 


in Alcohols and Water 


P,kb WW, eV 


nv 


ae) 
1.7 


0 0.81 
1.1 0.87 
Zei3* O.89 
6.26 1.04 


10 >.W,,cm~ 
2 


11.0 
Li? 
12.4 


a3 
12.1 
13.7 


6.5 
7.0 
ies 
8.4 


Methanol 


Ethanol 


Water 


4 Extrapolated from values in Table III-5. 


. Calculated assuming G 


: from data in Figure III-13. 

methanol using data in Figures III-9, 10 and 13. 

value from reference 63 was used to calculate E, 
m 


separated values of A 2 
ma 


£i 


x 


at 


E 
max 


-6 
10 ME 


is pressure independent 


“ Relative to dA /dp 
max 


ax 


in 


2 1 bar 


from 


Pies a 


x 


112 
90 
68 


106 
86 
73 


120 
125 
125 
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1% by weight of water, the increase in absorbance is 
linear when absorbance is plotted versus the weight 
percent of water. 

As a test of the possible solvent ace cog nee of 
the oscillator strength, it would be valuable to deter- 
mine values of f inwater-alcohol mixtures. This is only 


possible if the value of G is known. Two studies, one 


£2 
using pulse radiolysis a and one using steady state 


radiolysis ol. have been conducted to determine Gey in 


water-ethanol solutions. In the former study, biphenyl 


was used to scavenge ef ik: = 4.3 x 10? ut oa. in 


ethanol at 298K) .°9 The absorbance of the biphenyl nega- 


tive ion was used to calculate G The assumptions made 


rie 
were that the absorptivity of the biphenyl ion is the 


same in the mixtures as in pure ethanol, that all of 


e ~ and only e woabesscavenged,s.and that GC in 


pase 


pure ethanol is 1.0. The latter two assumptions at 


ce ypag ef Sot, 


least could be incorrect. Biphenyl is only slightly 


soluble in water, a saturated solution at 298K being 


5 167a 


4.490 xi LOW In ethanol, a saturated solution is 


0.59 Min biphenyl at Dee oe A scavenger concentra- 


3 


M 
tion of the order of 10 ~ M would be necessary to scav- 
enge all the free ions. It is possible that the solu- 
bility of biphenyl is not that high in water rich 
mixtures of ethanol and water. Even if solubility is 


not a problem, it is likely that, biphenyl, is. selectively 
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solvated by alcohol molecules. It is evident from 
values of Wa and Anax That electrons are selectively sol- 
vated by water. Therefore, the efficient scavenging of 
ee by biphenyl would be impeded in the mixed solvent. 


The effects of electron scavengers on the stable 


product yields were used to estimate G in a steady 


cide 
state radiolysis study. Hydrogen, nitrite, acetalde- 
hyde, 2,3-butanediol and hydrocarbon yields were measured 
after radiolysis of ethanol-water mixtures containing 
lithium nitrate. Extrapolation of the plotted data 

gave values of Ge; of 2.75 in pure water and 0.9 - 1.2 

in pure ethanol. The former agrees well with the 
accepted free-ion yield in water, while the latter would 


support a G of 1.0 in ethanol. However, extrapola- 


fy 
tion to the low value in pure ethanol depended on only 
one result, at 0.3 mole fraction water. All other 
results were at higherconcentrations of water, and fell 
on a smooth curve which, if extrapolated to pure ethanol, 
would indicate a value of about 1.5 for Gp;- No ex- 
periments were done on solutions containing less than 
0.3 mole fraction water, yet the largest effect on the 
ew absorbance and spectrum half-width occur in more 
dilute solutions of water in ethanol. Therefore, the 
data from this study are least reliable in the con- 


centration range where they are most needed. 


Better values of Gey in alcohol water mixtures 
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are needed, particularly at low water concentrations, 
before the oscillator strength for ont absorption can be 
determined. Qualitatively, it seems that the rapid in- 
crease inthe absorbance is compensated for by the de- 
crease in the value of Wi, as the water content of the 
mixture is increased. Therefore, the oscillator strength 
does not change suddenly in the mixed solvent. 

The large effect of low concentrations of water on 
the ene spectrum in ethanol can be explained as scaveng- 
ing of electrons by aggregates of water molecules. The 
result is a spectrum dominated more by water than would 


be predicted from the mole fraction of each solvent. 


B. TEMPERATURE EFFECTS ON oun REACTION KINETICS 


ay GENERAL 

Kinetic data over a range of temperature can usually 
be represented by use of an empirical equation (I-24) 
proposed by Arrhenius. The values found for the Arrhenius 
activation energy (E,) and the frequency factor (A) are 
useful’ in obtaining an understanding of those things 
which determine the reaction rate. 

Most temperature dependent kinetic data for solvated 
electron reactions have been determined in water. Many 
of the reported activation energies have values of 3.5 + 


OwdSukcal ie ee The rate constants for these 
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reactions vary from that calculated for a diffusion con- 


trolled reaction (~1019 yi st) to that for the first 


order decomposition reaction (890 s 1), Reactions with 


rates near the diffusion controlled limit will have an 
observed activation energy equal to the activation 
energy required’ for diffusion. This “is “from 3 to 4 
kcal mol + for most solutes in water. However, for 
slower reactions, the observed activation energy should 


represent the actual energy barrier of the reaction. 


Anbar 130 believes that all solvated electron reactions 


in water have the same activation energy. Since it is 
unlikely that a constant E, arises from identical energy 
requirements of a transition state when many different 
substrates are involved, he attributes the constance of 
E, to an intrinsic energy requirement of the solvated 


electron. 


131,210 


Cercek takes exception with this view. 


He reports values of EQ which vary from 1.65 to 4.5 


kcal nate = for different eibatratecta His data in- 


dicate that So reactions having similar rate constants 


may have different activation energies. For example, 


Od eae ks ae 


2934 x°Lo" ‘NT 'sT fu, s=lysesekearsmol 


k - ey 

wes toNO., ) 
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es Sere + pyridine) © 3.7 x 10° M So, EL 425 


kcal mol *. The rate constant for reaction with pyri- 


dine is higher than the previously reported value of 
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OX 104 Ma Ry It was concluded on the basis of 
these data that solvated electron reactions in water do 
not have a constant energy of activation. Therefore, 
both the activation entropy and the activation enthalpy 
contribute to the determination of the reaction rate con- 
stant. To rationalize the very low values of E,! it was 
postulated that hydrated electrons migrate between exist- 
ing potential traps instead of through the creation of 
new holes, as in conventional diffusion.>°'+>* 
Since there are inconsistencies in the data and 
their interpretation, more results are necessary. The 
use of solvents other than water might provide compli- 
mentary data over a wider temperature range. The effect 
of solvent has recently been demonstrated for the reaction 
of electrons with biphenyl. 274 In n-hexane, cyclopentane 
and iso-octane, the activation energies are respectively, 
6.4, 4.2 and 0.51 kcal mol”?. ‘This indicates that the 
nature of the reaction of electrons with biphenyl is dif- 


ferent in each solvent. 


ate NEUTRAL AND ~mM KOH SOLUTIONS OF ETHANOL 
Non-Arrhenius behavior for the solvated electron 
decomposition reaction was observed in both neutral and 
basic ethanol, as shown in Figure III-16. Similar re- 
148 


sults were found in methanol. The data obtained in 


the basic solution can nearly be fitted by two straight 
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lines. The high temperature results indicate an activa- 
tion energy of 4.8 kcal molt, in good agreement with the 
value of 4.86 kcal mo1~t found by Baxendale and Wardman et 
over much of the normal liquid range of the solvent. How- 
ever, below about 240K, an ES Off 225akcal mol + is indi- 
cated. This is lower than any of the activation energies 
found for oN scavenging reactions, so cannot be attri- 
buted solely to an increasing importance of reaction (5) 
as the temperature decreases. 

Another possible explanation is that the observed 
solvated electron absorption could have contained an 
increasing component due to faster decaying geminate ions 
as the temperature was lowered. Some geminate electron 
absorption was observed as an initial "spike", amounting 
to about 25% of the observed absorption immediately fol- 
lowing a 0.1 us pulse at 180K in ethanol. It decayed 
rapidly, having a half-life of about 1 us at the tempera- 
ture. First order plots were linear between 20 and at 
least 400 us following the pulse. This portion of the 
decay was attributed entirely to free ions. Vermeer and 
Freeman ot found that a nonhomogeneous kinetics treatment 
could explain a portion of the solvated electron absorp- 
tion decay at times up to 80 us after the pulse in di=n- 
propyl ether at 149K. A long time contribution of the 


geminate neutralization reaction could not be confirmed 


using available data in ethanol. 
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Very long half lives (>100 ws) could not be measured 
with confidence with the spectrophotometer used, due to 
fluctuations in the analyzing light intensity with time. 
Because of this, and the reasons discussed above,a value 


of 4.8 + 0.2 kcal moi + 


LOE E of reaction (4) in ethanol 
is recommended over the whole temperature range. This 
agrees well with a value of 4.6 + 1 kcal mo1? determined 


from steady state radiolysis.’ 


3. THE REACTION OF ony WITH SCAVENGERS 


The activation energy data from Figures III-17 to 
22 are summarized in Tables IV-6 and IV-7. Calculated 


10 ne 


values of the frequency factor are between 10 and 10 


ut Eo The lowest values are for the reaction of Su) 


with benzene or phenol. All reactions having a measured 
rate constant greater than 10° ut a gave an activation 
energy Or 30 +.0.3 kcal molt, with the exception of 
acid in ethanol. This exception is not considered to be 
significant, since the difficulty encountered due to 
adsorption of Hee onto the walls of the cells and reaction 
with the solvent at high temperature, could result ina 
1 kcal mol + error. 

The apparent constant value of E. for efficient 
scavenging reactions in the alcohols implies that there 


is a common rate determining step, such as diffusion of 


the solvated electron. 
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Summary of Arrhenius Activation Energy Data 


for the Reaction of one with Scavenger 


Scavenger 


Acetone 
Nitrobenzene 
Naphthalene 
Perchloric Acid 
Benzene 


Phenol 


a 
5 


Methanol as Solvent 


a .-l -l 
Sire 


hos. a0 0295 + 3K: 


11.7 


10.8 


10.1 


10816 AM is > 


E. keal mole. 
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TABLE IV-7 


Summary of Arrhenius Activation Energy Data 


for the Reaction of e with Scavenger 
See ASS SE SO eee Ae ABT ee 4 


. Ethanol as Solvent 


a .-l -l -l1 -l -1 
Scavenger k,. Ab OS 10816 A. »M s E,>keal mol 

Acetone “tori sx 10° 11.9 3.0 

Be obeusene utes) bA10e 12.4 3.0 
Naphthalene 4220: 10° bee 3.2), 

coc ecaieaas Jee ag lie 13.5 0 

Acid 

Benzene 6.4 x 10° eZ 6.0 
Phenol 5-0, x 10! 1059 4.4 
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For the less efficient solvated electron scaven- 
gers benzene and phenol, higher activation energies were 
found. The lower rate constant is largely due to the 
higher enthalpy of activation. A reaction of a nature 
different from that for efficient scavengers is indi- 
cated. One especially different result is the much larger 
effect of solvent. For efficient scavengers, the ratio of 
Ks Eton’ *s5, meow is less than one. For benzene and phenol 
the jratio is 5,3, and 7.5,respectively. In methanol the 
electron is more strongly localized than it is in ethanol. 
This is indicated by the Eee values of 1.97 eV in methan- 
ol and 1.80 in ethanol at 295K. The difference in the bind- | 
ing energy may account for the slower reaction rate in 


methanol. Furthermore, the increase in Le with decrease 


in temperature in both alcohols could account for the 


higher temperature dependence of the rate constant. 


4. OTHER EFFECTS OF BENZENE-SOLVATED ELECTRON 


REACTIONS 

The yield of es fi is decreased in the alcohols 
when high concentrations of benzene are added. This 
effect is demonstrated by the data in Figure IV-2 and 
Table IV—&:. 

In the figure, the plotted points are for the 


relative absorbance immediately following a 0.1 us 


electron pulse in benzene solutions of ethanol. They 
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Relative A 


0 Cp ere a 6 8 
10 x [Benzene], M 


FIGURE IV-2.The Effect of Benzene Concentration on 
the eu Absorbance, OF, 295K" Ay, 195K: 
0.1 us pulses; 690 nm. Relative A in 
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TABLE IV-8 
The Effect of Benzene Concentration on the Absorbance in 


Methanol and Ethanol 


iO ma ti, Us Relabivera, 
Ui — 


Methanol, 204 + 3K 


0.28 25 0.38 
0.83 20 0.20 
bb. 65 16 O21 


Ethanol, I957+ 4K 


0.14 Zo 0.36 
0.42 Le OF 21 
0.84 i] 0.10 


z Adjusted for change in solvent density. 


2 Relative A at 602 nm in both solvents, in 


arbitrary units: 
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have been corrected for decay during the pulse. There is 
a monotonic decrease in the A as the concentration of ben- 


zene is increased which could not be due to the slow 


(Kk, ='6. 40x 10° ie ae) reaction of benzene with sol- 


Veteaq electrons. Ogura tand Hamill Ache have observed this 


effect in n-propanol and ethanol. It has been attributed 
to scavenging of mobile (e )or "dry" (e ) electrons 

m 
which are the precursors of ang (oie aes 


The data in Table IV-8 are especially interesting, 


and clearly demonstrate that two benzene-electron 


ent + nROH ——> on (23) 

= + benzene ———» benzene (24) 

Say + benzene ———» benzene ~ (25) 
Ee Tene 


reactions occur. At low temperatures, (24) becomes much 
less efficient, due to the increased binding energy of 
e . This is shown by the values of tr of e, given in 


s 
the table. However, (25) is still efficient, as indicated 


by the pronounced effect of benzene concentration on 


the absorbance. Reaction (25) competes with (28) fOr 


the mobile electrons. 

Similar effects were noted for both phenol and 
toluene in methanol and ethanol in this work. No quan- 
titative treatment was attempted, as the effect was 
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Previous attempts to distinguish between solvated 
electrons and their precursors have generally made use 
of scavengers which are not as selective as benzene 


E3215, 210 


appears to be. An exception is the hydrogen 


ion which reacts with aie but not with its precursor. +?" 


= Benzene, and some of its derivatives, offer a 
way of obtaining less ambiguous results regarding elect- 
rons which are not fully solvated, particularly in sys- 
tems where solvated free ions are not scavenged. 

The effect of the solvated electron binding energy 
on the efficiency of the benzene scavenging reaction might 
be demonstrated by the ee absorption spectrum. There 
should be preferential scavenging of the solvated elect- 
rons giving rise to absorptions on the low energy side 
of the spectrum, resulting in a slight decrease in the 
half-width of the band. This effect might be more evi- 
dent at low temperature in the alcohols. It was not 
noted between 500 and 800 nm in n-propanol at room tem- 
perature. 7+? 

It is unlikely that a sharp distinction can be 
made between species given symbols like a oe and Qe. 
The transitions between them are probably continuous. 

Tt 15 especially .difficult to acentity, a, distinction 
between e and Se if in fact any exists. These ‘two 


terms are therefore used interchangeably here, although 


one is preferred. 
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Cc. PRESSURE EFFECTS ON a REACTION KINETICS 


Jig GENERAL 


fatter -" 


has said, "Pressure studies provide at 
least as much insight into mechanisms as do temperature 
studies, and there is need for much more work in this 
field." This statement applies particularly well to 
the reactions of solvated electrons in polar solvents. 
Experiments to study the effects of high hydro- 

static pressure on the reaction kinetics of electrons 
solvated in water, methanol and ethanol have been con- 


wt ARG The majority 


ducted at two laboratories. 
of the Gore done has utilized the steady state method, 
since there are experimental difficulties associated with 
the formation and fast detection of solvated electrons 
in solutions under high pressure. It is only recently 
that the desire for new kinetic information has spurred 
efforts in the area of pulse radiolysis at high pres- 


bYS, 129 
sure. 


The effect of pressure on reaction rates is usually 
expressed in terms of the volume of activation (AvT). 
This quantity can be calculated from observed rate con- 
stants at two different pressures using (7). In steady 
state radiolysis, values for a rate constant cannot be 
determined absolutely. Rather, a ratio of rate con- 
stants is inferred from measurements of final product 


yields. It is therefore also impossible to obtain a 
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value of avt for a single reaction via the steady state 
radiolysis method. A difference in the volumes of 
activation for two competing reactions can be calculated 
from their rate constant ratio. The value of avt for 
one of the competing reactions must be either assumed or 
calculated from absolute reaction rates, before the 


120 assumed that 


othex "can be determimied. "Hentz cts ar 
for a diffusion controlled reaction (5) in water, the 
activation volume could be approximated from the pres- 
sure dependence of viscosity in water. They calculated 
a value for avt of 1.6 cm? mores, which was applied to 
all diffusion controlled reactions of solvated elect- 
rons in water. Later, direct measurements of the effect 
of pressure on the rates of eleven presumably diffusion 
controlled reactions led to activation volumes of from 
-1.1 to 1.2 cm® mol? between 1 bar and 6.4 kb.+?? 
This indicates the original assumption was not strictly 
correct. However, the data do confirm that fast re- 
actions of solvated electrons are rather insensitive 

to changes in pressure. Compan ins the pulse radiolysis 
results, and previous data from steady state radiolysis, 


3 1 


yields a value of -15.8 cm” mol ~ for the activation 


volume of the solvated electron decomposition reaction 
in water. 

The volume of activation can be taken to be com- 
prised of two components, one due to a volume change of 


the reactants themselves as they enter the transition 
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state, and the other due to a rearrangement of surround- 
ing solvent molecules. The latter effect is large and 
negative where charged species are created, because of 
electrostriction. A large negative value for avt there- 
fore implies a considerable contribution due to electro- 
SErvetrons 

The volume of activation is pressure dependent .1°"217 
The amount of the dependency is difficult to predict. 
However, where electrostriction plays a role, the volume 
of activation becomes more positive with increasing 
pressure. This is connected with the fact that at high 
pressures, the compressibility of a solvent, and there- 
fore the amount of its contraction around an electrical 
charge, is greatly reduced. When comparing data obtained 
over different pressure ranges, the pressure dependence 


of the activation volume must be considered. 


2 THE EFFECT OF PRESSURE ON THE eum DECOMPOSITION 
REACTION 
a’ Pure Neutral Methanol and Ethanol 
The values of avt for the decomposition reaction of 
electrons solvated in methanol and ethanol were found to 
be -16.7 + 0.5 and -23.4 + 0.5 cm® mol+, respectively. 
Within experimental error, there was no dependence on 
pressure between 1 bar and 2 kb, although the values at 
D kb fell “bel6w" the tine” (Figure? 11 f=23) 72"? Thas*eould 


be interpreted as indicating the onset of a noticeable 
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pressure dependence. 
A previously reported value for avt ofu-16 cm? 
mo17t between 1 bar and 3 kb for the ene decomposition 


reaction in ethanol is not negative enough. 1° 


The 
probable reason is that some electrons were scavenged 
by impurity. Fast reactions generally have an acti- 
vation volume greater than 0 em? molt. and the 
measured value would be the weighted sum of the acti- 
vation volumes of all the e271 reactions occurring 
in the solution. Steady state results have been used 


3 1 


to estimate a value of -1l cm” mol for the activation 


volume of the decomposition in methanol, averaged bet- 
ween 1] bar and 5.3 aaa Results from this work indi- 
cate this value may not be negative enough. 

The very large negative value for avt of reaction 
(4) in ethanol may be used as evidence of the solvent's 
purity, as explained below. The molar volume for sol- 
vated electrons in water has been found to be approxi- 


mately 0 om? neheeen ie Assuming an electrostriction 


3 i 


; - 1 
contribution of -3 cm mol 


, one estimates 3 em? mol 
for the cavity volume of an electron in water. Due 
largely to the lack of knowledge of the molar volume 
of alkoxide ions, similar values cannot be calculated 
for the alcohols. However, by analogy to the water 
results, the cavity volume and the electrostriction 


effect will be assumed to approximately cancel each 
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other for the purpose of this discussion. The molar 
volume of the reacting alcohol molecule should increase 
slightly as the O-H bond stretches. Therefore, in the 
formation of the transition state, the largest negative 
volume contribution should be that due to electrostric- 
tion as the electronic charge becomes concentrated on 
the oxygen in the forming alkoxide ion. Theoretical 
treatments predict that the decrease in volume accom- 
panying the development of a full electronic charge on 


a small spherical molecule is between 10 and 30 cm? 


molt, fornamost solvents: (nefaflep;epel65)s) #itits not 
possible to determine how highly concentrated the charge 
has become in the transition state. However, a maximum 


: would be expected even 


contrabution,0o£4-30 cm? mol 
if the charge were fully developed on the oxygen atom 
in the transition state. This is unlikely, so one 
would expect less than the maximum electrostriction. 


The value of -23.4 = oan 


£Or avt in ethanol, al- 
though not necessarily due totally to electrostriction, 
is about as negative a value as can be easily ration- 
alized. This implies that reactions having near zero 


or positive values of avt are not competing success- 


fully for solvated electrons in the pure solvent. 


b. The Effect of Base on avt of ev Decomposition 


The addition of base to alcohols normally increases 


the e_ yield and half life by reacting with the positive 
s 
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ions formed during radiolysis, and possibly also remov- 
ing some impurities originally present. In the case of 
methanol, the activation volume for ore decomposition 
was made more negative by the addition of base, as shown 
in Figure III-24 and Table III-15. This is considered 
to be an indication that the methanol used contained some 
impurity, and that the true activation volume may be more 
negative than -16.7 ae moles. 

Both the value of ty and the absolute value of 
the avt were initially decreased by the addition of base 
to the ethanol. The lowering of the e, half-life is 
unusual, and is attributed to sample contamination, 
perhaps by the use of dirty KOH for these Seeereane The 
more concentrated base solutions gave a longer half- 
bLite7tor en than was observed in the neutral solvent, 
which is as expected. The pertinent fact is that even 
when the half-life increased, the value of avt remained 
less negative than that found in the neutral solvent. 


This is further evidence for the purity of the ethanol 


used in this work. 


Cr The Effect of Water on avt of on Decomposition in 
Ethanol 
The addition of water to ethanol caused ayt for 
the solvated electron decomposition reaction to become 


less negative. There was also a large effect of pressure 
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on avt at low pressures, as shown in Figure III-26 and 
tawple Iri- v7. This was due, at. least in’part, to the 
occurrence of an efficient scavenging reaction. As the 
pressure increased, the rate of the scavenging reaction 
would decrease, corresponding to a positive activation 
volume. At the same time, the rate of the decomposition 
reaction would be increasing, so that it would compete 
more favourable for electrons at the higher pressure. 
The small positive value for avi in "pure" water 


was due to reaction of e, with impurities in the water. 


o's THE EFFECT OF PRESSURE ON THE SCAVENGING OF oan 


The data illustrating the pressure dependence of 
the rate of reaction (5) for nine different solutes in 
methanol and ethanol are summarized in Table III-27. 
Within experimental error, all the reactions studied which 
have a k, > 107 wt oa are characterized by a value of 
avt which is >0.0 cm? oo Only toluene and benzene 
react with solvated electrons via a scheme which results 
ina substantial decrease in volume as the reactants 
enter. the transition istate. .this is (difficult ito under— 
stand unless the transition state is assumed to be very 
near to a benzene negative ion, and occupies much less 
volume than did the benzene molecule. This can be 


rationalized by considering two effects. First, electo- 


striction around the forming benzene ion would result 
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in some volume decrease. Second, the benzene molecule 
May occupy a larger volume in alcohol solutions than 
would be expected from its molar volume in the pure 
liquid. If benzene occupies a small cavity in alcohol 
solutions, the collapse of the cavity on entering the 
transition state would also contribute a volume decrease. 
The slightly endothermic heat of solution of benzene in 
methanol and ethanol (0.36 kcal mo1 2 at infinite di- 


lution 224 


) might indicate an energy requirement of 
cavity formation. 
A limited amount of data are available from 


TNS, for comparison of the 


steady state radiolysis 
effects of pressure on efficient a5 scavenging reactions 
with the results of this work. A summary is presented 

in Table IV-9. The activation volumes from the y 
radiolysis studies were determined by assuming values for 
avt of the ene decomposition reaction to be -14.4 and 

=11 com> ny in ethanol and methanol respectively. 

While these values may seem too positive when compared 

to the results reported in this thesis, allowance must 

be made for the fact that the former data were averaged 
between 1 bar and 5.3 kb. The latter data were deter- 
mined between 1 bar and 2.0 kb. A pressure dependence 

of the activation volume is expected. The agreement 
among the tabulated data is satisfactory. 


The results listed in Table III-27 indicate that, 
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TABLE IV-9 


Bins gs 


Data from Pulse Radiolysis and 


Steady State Radiolysis Studies 


Scavenger 


Nitrobenzene 

Acetone 

Naphthalene 
ie 


H 
s 


Nitrobenzene 


Acetone 


a 


b 


avt .2, cm 


= 295 + 2 
3 


Ethanol 


Methanol 


K 

molt avi? Sine mo1+ 
Hyd Pale 

prea s + 531 

+48 + 5.6 

eds * 4.3 - 4.6 
+ 1.4 ~ + 4 

Crs etd ~ +4 


Pulse radiolysis, reported in 


yY radiolysis results from ref. 


this work (Table III-27). 


124 (EtOH) and 125 (MeOH). 


Avi 's are averaged values between 1 bar and 5.3 kb, 


calculated by assuming avt for the aku decomposition 
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reaction is -14.4 cm” mol 


in MeOH. 
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in general, the activation volume for a particular sol- 
vated electron-scavenger reaction is more positive in 
ethanol than in methanol. The magnitude of the differ- 
ence for+Eastereactions is;vveny.droughlyy 2 om? meas ee 

A correlation of this difference to the difference in 
magnitude of some physical property of the solvents could 


be enlightening. 


The activation volume for viscous flow (avy has 


143 1 


been determined from existing data. Behoas 8 cm? mol 
in ethanol i. and 6 on noi in methanol a averaged 
between] bar and 5.3 kb. _-The:difference is in the right 
direction and of the right magnitude. It implies that the 
diffusion coefficient of solvated electrons in alcohols 
correlates with the viscosity. However, all the observed 
values of al for reaction (5) are lower than ave, so 

other factors might be involved. Jha and Freeman ae 
expect avt to be about 2 cm? mo1 + greater than that for 
diffusion, based on the effects of pressure on diffusion 
of sodium picrate, sodium bromide and hydrogen bromide 


in methanol. This would lead to a better numerical cor- 


relation with the observed activation volumes for reaction 


(ae. 


D. REACTION RATE CONSTANTS (k,) FOR aig WITH GASEOUS 


SOLUTES IN WATER, METHANOL AND ETHANOL 
The values of the absolute reaction rate constants 


for reaction of one with seven gaseous solutes are given 
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in Tables III=28 to III-45.. These data, along with those 
from other pulse radiolysis and steady state radiolysis 
studies, are summarized in Tables IV-10 to IV-12. In 
most instances there is very good agreement between the 
values determined in this work, and those obtained by 
others. However, in some cases, they differ by a factor 
of up to two. 

Where the rate constant is calculated from a ratio 
of rate constants, there are two major reasons for in- 
Correct ‘results. First, the rate constant used to 
solve the ratio might be incorrect. Second, an impurity 
reaction might also be competing for electrons. The 
latter reason would explain the different results from 
different studies for ay scavenging by N,0 in methanol, 
when benzyl chloride (BzCl) is the competing scavenger 
(Table IV=-11). 

The compounds N,0, SFr Oo" co. and 1,3-butadiene 
are efficient scavengers of solvated electrons in water, 
methanol and ethanol. Acetylene and ethene are very poor 
scavengers, indicating a low reactivity of carbon-carbon 
Felons and triple bonds toward electrons. However, 
when double bonds are conjugated, as in 1,3-butadiene, 
the compound's electron affinity is increased. The *dxi— 
ference between olefins and conjugated diolefins also 
shows up in electron mobility measurements. Electron 
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mobilities in various olefins are 10 square centi- 
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meters per volt second. However, in conjugated diolefins, 
electron mobilities could not be measured, presumably due 
to capture of the thermalized electrons by the dienes to 


form molecular negative ions: 7° 


E. tHE EFFECTSOF PULSESDOSE? ON) THE Sig HALF-LIFE (t,) 


% 
The determination of the true solvated electron 
lifetime in a polar solvent is very difficult, and is 
never completely unambiguous. Progress is made by an 
upward revision of the lower limit of the value of th 
This limit is governed by the reaction of ca with 
electron scavenging impurities. Some impurities are 
present prior to irradiation. More are created by the 
radiation induced reactions which follow a pulse. 
Impurities which are initially present in the solvent 
can sometimes be reduced in concentration by rigorous 
purification. Inthecase of the ethanol used inthis work, 
attempts at purification did™not increase the value’ of 


t,; indicating an initial high purity. whe valine of t) 
2 


% 
of on was increased in methanol treated with sodium 
metal and sodium borohydride, then distilled in an inert 
atmosphere. 

There are two methods which can be used to over- 
come the problem of creation of electron scavenging 


impurities by the radiation. First, a dose study can be 


made, and the observed values of ty OL igs can then be 
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extrapolated to zero doze. Second, an additive which 
reacts with an electron scavenging impurity can be used 
to remove the scavengers before they can react with 
electrons. An example is base, which reacts with radio- 
lytically formed positive ions. Both the above methods 
were used to obtain the data given in Figures III-45 

and III-46. 

The data for both neutral and basic methanol ex- 
txrapolate to a zero dose haif-lite of about 5.3 ws at 295K. 
This is considerably longer than most previous values | 
and therefore supports the value of 7 us reported by 
Baxendale and Wardman. >~ For basic ethanol, a minimum 
value of 8.7 us is found for y at 295K, in good agree- 
ment with the 9 us value recently reported oA and 
higher than the value of 6.0 us determined in a previous 
dose study. 73 However, extrpaolation of the data from 
neutral ethanol to zero dose indicated a value of ay 
of about 11 us. A higher value for ty of a in neutral 
solution at zero dose would indicate some electron 
scavenging impurity was #,ppaaneea with the sodium metal 
added to generate the ethoxide ion. 

Further upward revisions for the ty of ake are 
possible as purification techniques become more refined. 
Photolytically produced electrons may have a as long 

224 


as 30 us in ethanol. While this value may be 


approached by pure radiolysis, a much longer ty 
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for — in alcohols at room temperature is not expected. 

If solvated electrons decayed by simple proton 
abstraction from the solvent in the absence of scavengers, 
the decay rate would increase with increasing acid strength 
of the solvent. Relative acid strengths are H,O a CH 0H > 
CH ,CH.OH > NH, fee so on the above mentioned basis, the 
solvated electron half life in ethanol should be between 
that in water (0.28 ms) and in ammonia (~stable). This 
is not observed, indicating proton abstraction is not the 
decomposition scheme. 


Reaction (4) is driven by the difference in sol- 


vation energy ofthe alkoxide ion and the electron: 


H,(RO ) ~ H.(e ) ~ i 79eKeab Ol =>. 4 
Ps COMPARISON OF REACTION RATES OF one IN METHANOL 


AND ETHANOL 

For reaction rates shown by solution of the Debye 
equation to be near the diffusion controlled limit, the 
ratio of the observed rate constants in ethanol and 
methanol is~0.6. This is consistent with the difference 
in the diffusion coefficient for solvated electrons 
(D, -) in the two solvents. Values for Cane in ethanol 
angsaethands are-028"x nome and 1.55 x 107° ere aria re- 
spectively. In alcohol containing one percent by weight 


water, values for D: - of 1.14 x 1982 one aoe in ethanol 


e 
= Ses ig 
and’ tT. 64°x TO 2 om” Ss ‘ in methanol have been reporteay77° 
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Vermeer and Freeman 41 have indicated that these values 
of ad’ _ May be about a factor of five low. As only the 
Bee oe the diffusion coefficients is used, and this 
remains unchanged, the correlation made here would be 
unaffected by the higher values of Dy _- Therefore, due 
to the difference in the diffusion peserioTins for the 
solvated electron alone, the rate in ethanol should be 
about half that in methanol when diffusion is rate de- 
termining. 

For slower reactions, the ratio Ks Eton’ *5,MeoH 
is much greater than unity. That is, the reaction with 
solvated electrons proceeds faster in ethanol than in 
methanol. This is interpreted as being due to the 
electron being more tightly bound in methanol than in 
ethanol. Values for the rate constant ratio for the 
reaction of electrons solvated in ethanol or methanol 
with the same Spe are given in Table IV-13. The 
trend in the ratio is illustrated in Figure IV-3. The 
dashed line on the figure is significant only in that 
it draws attention to the trend. The ratio of the rate 
constant for scavenging by phenol in methanol and 
ethanol fall well above the line. As wide a range as 
possible in reaction rates has been used. There are, 
unfortunately, no additional data from the literature 
which can be used in the table. Very few rate constants 


have been determined in both solvents by other workers. 
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TABLE IV-13 
Comparison of k, in Methanol and Ethanol for a Variety of 


Electron Scavengers 


295+ 3K 
Scavenger kM ave kM scr k_, EtOH Ref. 
(Ethanol) (Methanol) _k, MeOH 

ca] Oe ite x 10g. 0.20 T.W. (P) 
a” Abe ee 10r) 65 =cle 0.55 88,T.W. 
Nitrobenzene ea aie 2.6, x10" 0.57 T.W. (T) 
Carbon dioxide 4.9 x 10° 6.7 x 107 0.73 T.W. 
Sulphur hexafluoride 1.0 x 10°" L.3ex 10s. Occ TW 
Oxygen 20 xll0m? tre 210-7 1.05 T.W. 
Acetone 4.9 x10? 4.3 x 10° 1.14 T.W. (T) 
Nitrous oxide Vans 10° Gens. x 10° L.18 T.W. 
Naphthalene LY PAS 5 10° S20 = 10° 1.40 T.W. (T) 
1,3-Butadiene 2.9.x 10° 1652107 Ls6 T.W. 
Ethyl acetate sn hee.< 107 (hes 10” 2.41 a. Wack) 
Acetonitrile Wee ee 10° 8.6 x 107 3.84 TW. C2) 
o-Xylene Pa YON 10° Ao x 10° ye20 rie 
Benzene 6.4 #x 10° Aid es 10° 5.33 TW. CT) 
Toluene Garr 10° Lex 10° Ee t.Ws (P) 
Phenol 5-0, x 10" Go x 10° Taos T.W. (T) 


i T.W. means this work. (P) and (T) means rate constants were deter- 


mined in pressure and temperature cells, respectively. 


2 G. L. Bolton, unpublished results. 
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However, the data from this work are sufficiently illus- 
trative. 

An attempt was made to extend to water the cor- 
relation between rates and the effect of solvent. How- 
ever, the reported rate constants in water for the slow 
reactions of solvated electrons are often high, probably 
due to impurities. To make a meaningful comparison, 
many of these rates should be redetermined in water. It 
would be a valuable comparison to make, since it could 
indicate the correct value of Dis in the alcohols rela- 
tive to that in water. . 

The lowest value in Table IV-13is for a rate con- 
stant ratio where cadmium ion is the electron scavenger. 
The value of the rate constant in ethanol (3.8 x 10? wt 
ioe seems low when compared to that in methanol (1.9 x 


10 ut Ore. er) 


10 aod and water (5.0; x 10 M sf) ana, the 


actual value of the ratio should be larger. The rate 
constants were therefore redetermined in methanol and 


ethanol. The value for ke in ethanol was reproduced, 
but a lower value of ke ="1;1 "x ie ie e4 was found 


in methanol, resulting in a value of 0.3 for Ke Eton’ 


k . For both determinations in ethanol,and the 

5, MeOH 
second determination in methanol, a similar cadmium 
chloride concentration range ( 10> - 104 M) was used. 


In methanol, the first study had used a cadmium chloride 


concentration range about a factor of ten lower than 
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did the second study. The rate constant in the more 
dilute solution of cadmium chloride in methanol was a 
factor of 1.7 higher than that in the more concentrated 
solution. Both the concentration dependence, and the 
greater than expected effect of solvent on the rate con- 


stant, are due to the incomplete dissociation of Cdcl 


2° 
The dependence of the rate constant on the cadmium chlor- 
ide concentration has previously been noted in water ae 


but at much higher concentrations of cadmium chloride. 
In the case of water, concentrations of 0.1. to 0.5 M 
cadmium chloride were used, and the rate constant for 
electron scavenging varied with the cadmium salt con- 
centration. Species coexisting in solution were cart) 
cacl*, cdcl, and ocr ean The three species containing 
chloride would not scavenge electrons as efficiently as 
the doubly charged cadmium ion. 

A value of about 0.6 would be expected for 


k if the reaction. of electrons with ca’? 


5; eton/*5 ,MeOH 
was assumed to be diffusion controlled. The values found 
for the ratio indicate that Ccd** is in two to three times 
higher concentration in methanol than in ethanol for 
about the same concentration of dissolved cadmium chlor- 
ide. The difference is due to the higher dielectric 
constant of methanol (33 at 293K) than,of ethanol (25 at 


293K). The dissociation constant varies exponentially 


with the difference in the dielectric constants of the 
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Dissociation of salts is favoured by increasing 
pressure because of the associated volume decrease due 
to electrostriction as the ions are solvated. This means 
that for cadmium chloride, complex formation would be less 
at high pressure, and the catt concentration would be 
higher. Therefore the observed independence of the re- 
action rate with pressure (Table III-24) in both alco- 
hols is the result of a decrease in the real rate with a 
compensating increase in the catt concentration. A dec- 
rease in the real rate constant with pressure would 
result in a positive value for the volume of activation. 
The value of 0.0 cm? mol + given in Table III-27, is 
therefore too negative, as it appears when compared with 
the volumes of activation found for other efficient aA 
scavenging reactions. 

The scavengers acid and nitrobenzene give a ratio 
the same as the ratio of diffusion coefficients for 
solvated electrons in ethanol and methanol. This is 
convincing evidence that ne diffusion of the electrons 
is rate determining in the reaction with these scavengers. 

Throughout the table there is a general trend that 
the ratio increases as the reaction rate constant de- 
creases. This trend can be used to determine if an 
observed small rate constant is due to slow scavenging 


by the known solute, or fast scavenging by an unknown 
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impurity present in low concentration. With this in 
mind, it is useful to look again at the apparently slow 
scavenging rates determined for acetylene in this work. 
The value of Keeton’ *5,MeoH is 1.5 in the neutral sol- 
Vent, and 1.3 in basic solution. This suggests the 
observed decrease in the solvated electron half-life was 
due to a reaction which has a rate constant greater than 
10? ou + st, which supports the contention that oxygen 
was present as an impurity. 

The most interesting result of the comparison is 
for benzene, and some of its derivatives. Rate con- 
stants as low as roe mt oT. are GitLiculc, to justify 
for solvated electron reactions, because uM impurity 
could account for the observed effects. However, for 
benzene, several facts dispute any suggestion that im- 


purity is the sole electron scavenger in its alcohol 


solutions. These are: 


(i) The higher activation energy than observed 
for fast electron reactions (Tables IV-6 and 
rV~7)% 

(ii) The negative activation volume (Table III-27). 


5, EtoH/ * 
than 0.6 (Table IV-13). 


(ii) he ack rhiacsk is much greater 


5 ,MeOH 


The same arguments can be used for toluene, phenol, and 


probably o-xylene. 
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